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Biomass is widely accepted as a good alternative to petroleum due to concerns 
about global warming and energy security. Microbial conversion of renewable 
resources into fuel molecules and important chemicals has been achieved through 
efforts in genetic engineering of the biocatalysts. In this work, we demonstrated 
efficient production of an important bulk chemical in glucose fermentation by 
recombinant Escherichia coli strains. Escherichia coli K12 strain MG1655 was 
engineered to co-produce acetaldehyde and hydrogen during glucose fermentation 
using an exogenous acetyl-CoA reductase (for the conversion of acetyl-CoA to 
acetaldehyde) and the native formate hydrogen lyase. A putative acetaldehyde 
dehydrogenase/acetyl-CoA reductase from Salmonella enterica (SeEutE) was 
cloned, produced at high levels and purified by nickel affinity chromatography. In 
vitro assays showed that this enzyme had both acetaldehyde dehydrogenase activity 
(68.07 ± 1.63 µmol min-1 mg-1) and the desired acetyl-CoA reductase activity (49.23 
± 2.88 µmol min-1 mg-1). The eutE gene was engineered into an E. coli mutant 
lacking native glucose fermentation pathways (ΔadhE, ΔackA-pta, ΔldhA, ΔfrdC).  
The engineered strain (ZH88) produced of 4.91 ± 0.29 mM acetaldehyde while 
consuming 11.05 mM glucose, but also produced 6.44 ± 0.26 mM ethanol. Studies 
showed that ethanol was produced by an unknown alcohol dehydrogenase(s) that 
converted the acetaldehyde produced by SeEutE to ethanol. Allyl alcohol was used 
to select for mutants with reduced alcohol dehydrogenase activity. Three allyl 
alcohol-resistant mutants were isolated and all produced more acetaldehyde and 
less ethanol than ZH88. It was also found that modifying the growth medium by 
vii 
 
adding 1 g/L yeast extract and lowering the pH to 6.0 further increased the co-
production of acetaldehyde and hydrogen. Under optimal conditions, strain ZH136 
converted glucose to acetaldehyde and hydrogen in a 1:1 ratio with a specific 
acetaldehyde production rate of 0.68 ± 0.20 g h-1 g-1 dry cell weight, and in 86% of 
theoretical yield. This specific production rate is the highest reported thus far and is 
promising for industrial application. The possibility of a more efficient “no-distill” 










CHAPTER 1. GENERAL INTRODUCTION 
Engineering Escherichia coli for production of biofuels and chemicals from 
renewable resources – an overview 
 
I. Importance of returning to renewable resources 
There is a long history of utilizing biorenewable resources by human beings, 
which is of great significance to human civilization and has made tremendous 
contributions to the advances of human society. Burning wood for light and warmth 
dates back to several hundred thousand years ago. In early societies, people took 
advantage of biorenewable resources in every aspect of life. Draft animals like 
horses and cattle, fed by grass, were used for transportation needs and in farming 
activities. Wood was of versatile use in burning as fuel, building lodges and making 
farming tools. Cotton fibers and silk were used in textiles and clothing. The earliest 
paper was made out of mulberry, bast fibers, fishnets and old rags, etc (23). There is 
evidence indicating fermented drinks were made as early as 7000 years ago in 
Babylon. Biorenewable resources (e.g.: coniferous trees, natural latex) have also 
been important feedstocks for production of valuable chemicals in recent times. 
Destructive distillation was used to manufacture important volatile compounds like 
methanol from wood and isoprene (an important building block for chemical 
synthesis) from natural rubber. However, development of science and advances in 
technology since the 19th century has facilitated rapid growth of coal-derived 
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compounds as well as the petrochemical industry. The outcome was that the 
biobased products were replaced by less expensive petrochemicals and fuels. 
Fossil fuels including petroleum, coal and natural gas are the main resources 
for fuels and chemicals that power the world today. However, they are not the ideal 
source of energy in the long run. One of the major concerns, with worldwide 
attention, is the environmental issues surrounding production and utilization of fossil 
fuels. Petroleum production and coal mining have adverse effects on local 
environments. A good example is the famous Deepwater Horizon oil spill near the 
Gulf of Mexico in 2010, the largest marine oil spill accident in the history, which 
caused 17 deaths, and caused catastrophic contamination to the local ecosystem. In 
general, coal mining changes soil profiles, destroys vegetation and wildlife, 
decreases air quality and to some extent changes the topology of the mined area (2). 
The combustion products of coal and petroleum derived fuels including carbon 
monoxide, sulfur dioxide and nitrogen oxides are local air pollutants and can cause 
acid rain at distant places (25). The greatest concern about utilizing fossil fuels is 
greenhouse gas emissions which contributes to global warming and was recognized 
as early as over a century ago (98).  
Moreover, fossil fuels are not renewable by nature. Unlike biorenewable 
resources, which are of recent biological origin and can be renewed for use by future 
generations, fossil fuels are formed from biological organisms buried in the Earth 
long ago and are not renewable for future generations once they are gone (25). A 
sobering fact we are facing is that the reserve of fossil fuels on the earth is finite and 
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will be depleted soon (32, 104). As we are approaching peak oil production and the 
cost of finding new reserves is increasing, high oil prices are inevitable. 
Furthermore, a secure energy supply is an important societal concern. The 
uneven global distribution of known petroleum reserves has been a direct or indirect 
cause of military conflicts for accessing petroleum resources historically and at 
present. 
In consideration of the factors discussed above, biomass is widely anticipated 
as a good alternative to fossil fuels. Biomass including forest, prairie grasses, crops 
and waste materials is abundant and low in price. First generation biofuels, including 
corn starch based ethanol and soybean derived biodiesel have been produced at 
commercial scale for decades and are widely used in fuel blends or as alternative 
fuels in today’s motor vehicles.  Life cycle analysis indicates they have positive net 
energy balance and perform better than the corresponding petro-compounds they 
replace in terms of greenhouse emission (50, 105). Next generation biofuels, 
produced from low-input fuel crops grown on marginal land or from lignocellulosic 
wastes, provide more net energy gains, further greenhouse gas reductions and less 
pollution than corn ethanol and soybean biodiesel (84). Governments have been 
supporting the establishment the biofuel industry through policies including direct 
funding opportunities for research and start-up business and tax incentives. 
Considering the mitigation of global climate change, security of supply without 







Figure 1. Processing biomass into fuels and chemicals. 
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II. Processing biorenewable resources into fuels and chemicals 
The major organic constituents of lignocellulosic biomass are cellulose, 
hemicelluloses and lignin (25). The general procedure for processing biorenewable 
resources into fuels and chemicals is summarized in Figure 1. Upon harvest, 
biomass is first compressed to increase the bulk density, and then goes through a 
pretreatment step (24, 49) to release cellulose and hemicellulose from the lignin 
backbone. After pretreatment, the suspension is subject to cellulolytic hydrolysis to 
release simple sugars including hexoses (glucose) from cellulose and pentoses 
(xylose) from hemicellulose. The hydrolysis products are then fermented by 
biocatalysts, usually microorganisms including Saccharomyces cerevisiae, 
Zymomonas mobilis or Escherichia coli, to produce the molecules of interest, like 
bioethanol. After fermentation, the product is recovered and in the case of bioethanol, 
distilled and then dehydrated, to make the final commercial product. Cellulolytic 
hydrolysis is a bottleneck in the overall process because of the slow rate of the 
hydrolytic enzymes and high cost of enzyme production. The process that combines 
cellulolytic hydrolysis and sugar fermentation in a single unit, termed “simultaneous 
saccharification and fermentation” (SSF) was proposed to prevent inhibition of 
cellulolytic enzymes by their products and presumably increase the efficiency of this 
rate-limiting step. Intensive research in recent decades has tremendously reduced 
the cost of cellulolytic enzymes, however, not to a level economically competitive 
with producing ethanol from corn (101). Advances in biotechnology to manipulate 
the metabolism of microorganisms, has allowed development of an approach called 
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consolidated bioprocessing (CBP). CPB is believed to reduce cost by integrating 
production of cellulolytic enzymes, hydrolysis to release sugar from cellulose and 
hemicellulose and fermentation of sugars to final products, all in a single step (73). 
The key technology of CBP is to construct a microorganism that can produce the 
target molecule together with cellulases and/or hemicellulases by expressing the 
cellulolytic genes in current industrial strains like yeast or by manipulating the 
metabolic pathways of native cellulolytic organisms to produce molecules of interest.  
 
III. Production of biofuels and valuable chemicals by Escherichia coli 
fermentation 
From traditional fermentation to current commercial production of bioethanol, 
microbial conversion has proven to be a promising route for utilizing biorenewable 
resources for production of alternative fuels and valuable chemicals. Because of 
well-established tools for genetic manipulation, Escherichia coli, although not a 
traditional industrial organism, has been widely studied in lab-scale research to 
explore the possibility of producing new types of valuable renewable compounds. 
Efforts made in the past decade have greatly added to the diversity of interesting 
compounds that can be made by E. coli from renewable feedstocks and strains very 
promising for industrial application have been constructed. Below is a brief review of 
some important compounds that currently can be made by E. coli at high titer and 
productivity, and the efforts made to develop these strains. 
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Figure 2. Escherichia coli fermentation pathways of major hexoses and pentoses. PTS: PEP phosphotransferase system. GLK: glucokinase. 
PGM: phosphoglucomutase. PGI: phosphoglucose isomerase. PFK: phosphofructokinase. FBA: fructose bisphosphate aldolase. TPI: 
triosephosphate isomerase. GAPDH: glycerraldehyde-3-phosphate dehydrogenase. GPM: phosphoglycerate mutase. ENO: enolase. PK: 
pyruvate kinase. LDH: lactate dehydrogenase. PFL: pyruvate formate-lyase. FHL: formate hydrogen-lyase. ADH: alcohol dehydrogenase. PTA: 





Bioethanol is currently the biofuel with largest production capacity. Today 
there are over 200 nameplate ethanol biorefineries in the U.S. with over 13 billion 
gallons produced in 2010 (4). Fuel ethanol production in the U.S. has been 
increasing for the last five years at an average rate of 28%. Currently, the majority of 
the commercial fuel ethanol biorefineries produce ethanol from corn starch. However, 
production of fuel from food crops is thought to have potential adverse effect on food 
price and supply. Moreover, corn as feedstock can meet only a small percentage of 
the transportation fuel market (50). Lignocellulosic biomass is currently considered 
as a good alternative to food crops as a renewable feedstock because of its high 
abundance, wide availability, and low price. Intensive research efforts have been 
devoted to development of cellulosic biofuel technologies and have led to 
establishment of a few pilot scale cellulosic ethanol plants. The first cellulosic 
ethanol biorefinery in the U.S. was opened in Jennings, Louisiana with a capacity of 
1.4 million gallons per year made from agricultural waste(89). Since then, there have 
been at least 15 operational cellulosic ethanol biorefineries in the U.S. and 13 more 
worldwide (3). 
When growing anaerobically on glucose, a native E. coli strain uses a mix-
acid fermentation characterized by production of a mixture of short chain organic 
acids such as lactic acid, acetic acid and succinic acid, together with ethanol (Figure 
2). This metabolite profile is dictated by the metabolic nature of E. coli. During 
glycolysis, production of one pyruvate molecule is accompanied by generation of 
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one reducing equivalent – one NADH and one net ATP. Regeneration of NAD+ 
during conversion of pyruvate to end fermentation products is essential for 
continuous glycolysis. A native E. coli strain utilizes a combination of pathways for 
NAD+ regeneration. Fermentative lactate dehydrogenase (LDH, ldhA) converts 
pyruvate to lactate and generates one NAD+ from NADH simultaneously (28). An 
alternative is the nonoxidative conversion of pyruvate into acetyl-CoA and formate 
by pyruvate formate lyase (PFL, pflB) followed by production of acetic acid and 
ethanol from acetyl-CoA. Acetic acid is the product of consecutive catalysis by 
phosphotransacetylase (PTA, pta) and acetate kinase (ACK, ackA), in which one 
ATP is generated. Since production of acetic acid doesn’t involve regeneration of 
NAD+, it has to be coupled to the production of ethanol from acetyl-CoA by the bi-
functional acetaldehyde dehydrogenase and alcohol dehydrogenase (ADH, adhE) 
with acetaldehyde as the intermediate, which generates 2 NAD+. Overall, when 1 
molecule of acetic acid and 1 molecule of ethanol are produced from 2 molecules of 
pyruvate, the 2 NADH formed by pyruvate production are regenerated to 2 NAD+ by 
ADH. Unlike E. coli, obligate ethanol-producing organisms like yeast and some 
bacteria (Zymomonas mobilis) utilize a different pathway for NAD+ regeneration, in 
which pyruvate is decarboxylated to acetaldehyde by pyruvate decarboxylase (PDC, 
pdc) followed by reduction of acetaldehyde to ethanol catalyzed by alcohol 
dehydrogeanse II (ADH II, adhB). NAD+  is regenerated in the latter step. High-level 
expression of pyruvate decarboxylase and alcohol dehydrogeanse II is essential for 
glucose fermentation by Z. mobilis (53).  
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Figure 3. Genetic engineering used to over produce ethanol in E. coli fermentation. Enzymes catalyzing each reaction are shown in capitalized 
letters associated with the arrow indicating the corresponding reaction.  Blue: exogenous enzymes and pathways. Black: endogenous 
enzymes and pathways. Bold arrows: pathways converting metabolic intermediates to ethanol. Stop sign: enzymatic steps that are genetically 
deleted in order to produce ethanol. PDC: Z. mobilis pyruvate decarboxylase. ADH II: Z. mobilis alcohol dehydrogenase II. PDH: E. coli 
pyruvate dehydrogenase complex. Other abbreviations are the same as in Figure 2. *ADH pathway was blocked in strains producing ethanol 
by Z. mobilis PDC and ADH II, while kept as the ethanol producing enzyme in native homoethanol producing strain.
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Although wild-type E. coli produces relatively low amounts of ethanol during 
glucose fermentation, genetic engineering has allowed the construction of strains 
that produce ethanol in high titer and yield and are very promising for industrial 
application. A milestone in early stage engineering E. coli for ethanol production was 
the heterologous expression of the ethanol producing pathway (pdc-adhB) of Z. 
mobilis in E. coli under the lac promoter, termed the artificial pet (production of 
ethanol) operon (52). High-level expression of pyruvate decarboxylase and alcohol 
dehydrogeanse II and increased growth was observed in the strain carrying the pet 
operon on a plasmid. The exogenous pdc-adhB pathway outpaced the native E. coli 
pathways for NAD+ regeneration and altered its metabolic profile to make ethanol the 
major fermentation product from glucose (52) (Figure 3). This encouraging result led 
to further investigation of the pet operon. Subsequent research involving expressing 
the pet operon at various levels under different promoters revealed the fact that the 
level of the pet operon expression was correlated with the level of cell growth and 
ethanol production, indicating ethanol was a milder compound and less toxic to E. 
coli than the organic acids (51). 
A particular advantage of E. coli as a preferred organism for cellulosic biofuel 
production is its wide substrate range – the innate pentose metabolism pathway 
(Figure 2) allows it to readily ferment on xylose, the major pentose in most cellulosic 
biomass. An E. coli strain carrying the plasmid-borne Z. mobilis pdc and adhB genes 
under the Z. mobilis pdc promoter was capable of fermenting glucose and xylose 
with near theoretical yield of ethanol (1.8 % w/v from 4% glucose w/v) (80). The fact 
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that ethanologenic E. coli harboring the Z. mobilis ethanol-producing genes can 
ferment all the major sugars from hydrolysis of cellulose and hemicellulose and 
produce ethanol efficiently(5), is promising for utilization of cellulosic biomass. 
Selections were performed to optimize the strain for industrial utilization of cellulosic 
sugars in terms of environment tolerance, plasmid stability, expression of Z. mobilis 
enzymes, substrate range and higher ethanol production. Successful strains 
produced ethanol at yields of 5.2%, 6.5%, 7.2% (v/v) from xylose, lactose and 
glucose, respectively(5). Noticeably, ethanol yield of this recombinant E. coli with 
xylose was higher than that reported for yeast (Saccharomyces cerevisiae) with 
glucose.  
A barrier that hinders the development of economically viable industrial 
process with recombinant organisms is the potential instability of plasmids. Addition 
of costly antibiotics is necessary to maintain the plasmid, which is not practical in 
industrial setting. This can be overcome by integrating the exogenous genes into the 
host’s chromosome, ensuring the stability of the organism’s genetic system. The pet 
operon was integrated into the E. coli chromosome with the integration site residing 
in the coding sequence of pyruvate formate-lyase (PFL, pfl) (84). PFL is highly 
expressed in E. coli under anaerobic conditions and has been well characterized (67, 
90). It is the native enzyme in E. coli that catabolizes pyruvate into acetyl-CoA and 
formate, potentially competing with the exogenous pet operon for ethanol production. 
Selections for high-level expression of the Z. mobilis genes and ethanol production 
were performed and strains with performance comparable to the plasmid based 
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strain were obtained. The best performing strain, KO11, which also contained the frd 
deletion, produced ethanol with yields of 5.44% and 4.36% (w/v) from glucose and 
xylose respectively (84). To date, production of ethanol from sugar by ethanologenic 
E. coli has achieved maximum theoretical yields, and in some cases exceeded that 
due to metabolism of nutrients in the complex media (84).  
High tolerance to the product is a desirable feature of a biocatalyst and is 
important for development of economically viable industrial processes. However, E. 
coli does not naturally have high tolerance to ethanol in contrast to native ethanol 
producers such as S. cerevisiae do. Attempts to modify E. coli strains for higher 
ethanol production based on knowledge of the mechanism of ethanol tolerance were 
unsuccessful (115). Metabolic evolution of KO11 was performed in which iterative 
rounds of inoculation were made into broth media with increased ethanol 
concentration. Over a period of 3 months, surviving strains obtained increased 
tolerance to ethanol and the best strain LY01 was able to produce ethanol from 
xylose at the yield of 6% (w/v), a 38% increase from its parent strain and exceeding 
the yield by recombinant yeast and Z. mobilis (115). Gene-array analysis was 
carried out to examine the genetic background of the resistant strain LY01 and 
compare its gene expression with that of the parent strain KO11. Major findings 
included: 1) a nonfunctional global regulator FNR (fnr) in LY01 (overexpression of 
FNR in LY01 decreased the ethanol tolerance while had no effect on cell growth); 2) 
Increased metabolism of glycine and production of betaine observed in LY01. 
Addition of glycine increased ethanol tolerance in parent strain KO11 while addition 
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of betaine increased ethanol tolerance in both the parent strain and the resistant 
strain. These changes were thought to be the effect of these two molecules as 
protective osmolytes. Other genes also considered responsible for the increased 
ethanol tolerance of LY01, included multiple antibiotic resistance genes marAB, 
genes for serine uptake and deamination (sdaC and sdaB), and genes encoding cell 
membrane components (46). With these findings, it was clear that the increased 
ethanol tolerance was not due to the alteration of a single gene, but a combinatorial 
effect of many genes with various physiological roles including metabolism, cell 
membrane permeability, and global regulation of gene expression.  
Another approach for constructing ethanol producing E. coli strains distinctive 
from using the Z. mobilis pyruvate decarboxylase and alcohol dehydrogeanse II 
genes features no involvement of exogenous genes. The first strain was obtained 
from selection using an E. coli pflB, ldhA double mutant (65). This double mutant is 
devoid of the native pathways that convert pyruvate to end fermentation products 
and regenerate NAD+ for continuous glycolysis. However, from this strain a mutant 
was obtained that regenerated NAD+ by producing ethanol. The mutation was 
located near the region coding for pyruvate decarboxylase complex (PDC), an 
enzyme complex that usually functions under aerobic conditions. A rational 
explanation is that re-activation of PDC resulted in the production of 1 NADH (in 
addition to the NADH generated with synthesis of pyruvate in glycolysis) 1 acetyl-
CoA and 1 CO2 from pyruvate. With 2 NADH and 1 acetyl-CoA, the E. coli alcohol 
dehydrogenase (ADH, adhE) produced 1 ethanol and regenerated 2 NAD+. With this 
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in mind, a strain was constructed that purposely expressed pyruvate decarboxylase 
anaerobically (123) (Figure 3) and in which the native pyruvate catabolizing 
pathways were blocked. This strain efficiently fermented sugars to ethanol with 90% 
theoretical yield. To this point, all the strains with good ethanol yields were grown in 
rich media with sugar addition which was a disadvantage.  
While all the above efforts were performed in complex media, it has been 
realized that chemically defined media is practically and economically preferable to 
traditional complex media especially for large-scale production and it is being used 
more and more in commercial fermentation (119). One further step towards cost-
effective ethanol production was utilizing minimal media while maintaining good yield. 
SZ110, a derivative of KO11, can ferment glucose very well and efficiently produce 
lactic acid in minimal media (122, 124, 125). The performance of this strain in 
minimal medium suggested that the KO11 genetic background limited its ethanol 
producing capability. Possible limitations included the suboptimal expression of the Z. 
mobilis pdc and adhB genes in the E. coli chromosome at the pflB integration site, 
not including the complete ethanol producing pathway of Z. mobilis (adhA was 
absent) and presence of a chloramphenicol resistance gene cat (117). To eliminate 
these problems and construct an ethanol producing strain that grows well in minimal 
medium, SZ110 was modified with deletions of fermentative lactate dehydrogenase 
(LDH, ldhA) and chromosomal integration of the complete Z. mobilis ethanol 
producing pathway pdc-adhA-adhB as a transposome (117). After selection for 
growth in minimal medium, a highly productive strain, in which the Z. mobilis ethanol 
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producing cassette was inserted behind the rrlE promoter, was able to produce 
ethanol at 4% (w/v) from xylose in minimal medium, which was comparable to the 
yield by KO11(84) in rich complex media. This is so far the ethanologenic E. coli 
strain most promising for industrial application due to its stable genetic system, high 
ethanol yield and ability to grow in minimal medium. 
Good productivity has been achieved for ethanologenic E. coli strains through 
efforts in metabolic engineering. The productivity achieved is comparable or greater 
than that reported for traditional ethanologenic hosts used in industrial fermentations 
like S. cerevisiae and Z. mobilis. To make E. coli preferable in a practical setting and 
stand out from the perspective of utilizing cellulosic feedstocks, more improvements 
are needed. First, efficient utilization of sugar mixtures is essential for cellulosic 
ethanol production. Although E. coli has the ability to ferment all the major sugars in 
cellulosic and hemicellulosic lysates (5), its preference for utilizing glucose over 
other sugars and its priorities in utilizing different pentoses (63, 77) are obstacles to 
maximizing productivity and yield. A recent study revealed the role of mgsA 
encoding methylglyoxal synthase in the complex system that regulates sugar 
metabolism and demonstrated that blocking the methylglyoxal pathway improved 
simultaneous utilization of a sugar mixture and increased the volumetric productivity 
of ethanol (116). Another problem in the way of efficient utilization of lignocellulosic 
materials for biofuel production is the inhibitory effects of pretreatment by-products 
on the biocatalysts (66, 76), and this is more severe for E. coli than S. cerevisiae. 
Engineering E. coli strains for increased tolerance has been successful (115) and 
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approaches including directed evolution based selection, library screening and 
rational design of biocatalysts are promising in finding solutions to coping with toxins 
in lignocellulosic hydrolysates (76). The dilemma of using minimal media to reduce 
cost and lack of osmolytes in minimal media to protect biocatalysts at high sugar 
concentrations still needs to be resolved (56). 
b. Isopropanol 
Isopropanol, the simplest secondary alcohol, is produced by microbes 
naturally (34). It can be dehydrated into propylene, a platform chemical currently 
produced mainly from petroleum whose polymer polypropylene is used in a variety 
of applications including packaging, plastic products, lab equipment, automotive 
components, etc. It can also be used to make fatty acid isopropanol monoesters in 
biodiesel production which are preferable to methanol monoesters because of their 
reduced crystallization temperatures (69). Given these benefits of isopropanol, 
commercial production from renewable resources is very desirable.  
Production of isopropanol from native producers like Clostridium is not favored 
because of the low titer and mixed products (34). To overcome these problems, the 
acetone-producing pathway of C. acetobutylicum ATCC 824, including the acetyl-
CoA acetyltransferase(thl), acetoacetyl-CoA transferase (ctfAB) and acetoacetate 
decarboxylase (adc), was expressed in E. coli under the thl promoter from C. 
acetobutylicum and the resulting strain successfully produced the same amount of 




Figure 4. The CoA-dependent pathway for isopropanol and butanol production from 
glucose. Abbreviations of important enzymes are shown in capital letters in bold. 
When more than one enzyme was tested for an enzymatic step, the most efficient 
one is underlined. The corresponding genes are listed below the enzymes in italics 
and the organisms are indicted as a two-letter code in a bracket after the gene name. 
AcoAAT: acetyl-CoA acetyltransferase (thiolase). AcoAT: acetoacetyl-CoA 
transferase. ADC: acetoacetate decarboxylase. SADH: secondary alcohol 
dehydrogenase. HBD: 3-hydroxybutyryl-CoA dehydrogenase. CRT: crotonase. 
Bcd:butyryl-CoA dehydrogenase. EtfAB: electron transfer protein A, B. AdhE 2: bi-
functional aldehyde/alcohol dehydrogenase. ec: Escherichia coli. ca: Clostridium 
acetobutylicum. cb: Clostridium beijerinckii. tb: thermoanaerobacter brockii. td: 
treponema denticola.  
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E. coli, the acetone pathway together with a secondary alcohol dehydrogenase 
(SADH) was expressed in E. coli to produce isopropanol (48) (Figure 4). For 
optimization, native E. coli enzymes were tested for activities in the first 2 steps and 
2 SADHs from C. beijerinckii and Thermoanaerobacter brockii were tested for the 
final step converting acetone to isopropanol. The best strain containing C. 
acetobutylicum acetyl-CoA acetyltransferase(thl), E. coli acetoacetyl-CoA 
transferase (atoAD), C. acetobutylicum acetoacetate decarboxylase (adc) and C. 
beijerinckii SADH (91) can produce up to 81.6 mM isopropanol in shake flasks (48), 
exceeding the titer from native producers. With intermittent glucose addition, this 
strain produced 40.1 g/L isopropanol in 60 h, and with gas stripping to remove 
isopropanol from the fermenter continuously, 143 g/L isopropanol was achieved after 
240 h (54), which showed the great potential of the strain for commercial isopropanol 
production. 
c. Butanol 
Butanol is considered a better substitute for gasoline than ethanol. Its energy 
content (27 MJ/L) is closer to gasoline (32 MJ/L) than ethanol (21 MJ/L). It is less 
corrosive and hygroscopic than ethanol, and it is compatible with current 
infrastructure for gasoline distribution. Butanol doesn’t require modification of 
gasoline engines and can also be used in gasoline blends or added to ethanol to 
reduce evaporative emissions (1). Native producers like Clostridium species, 
produce butanol in substantial amounts by the acetone-butanol-ethanol (24) 
fermentation (24). The ABE fermentation was one of the first large-scale industrial 
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processes for production of chemicals by microbes and was a very successful 
industrial fermentation in many countries in the first half of the last century (81). 
However, in the ABE fermentation, production of butanol is always coupled with 
production of the other products (acetone and ethanol) and the yield is usually 
determined as the amount of total solvent produced (45).  
A few studies in recent years investigated the possibility of expressing the 
Clostridium butanol producing pathway in E. coli (7, 55, 82, 95) and have achieved 
product titers comparable to that of native producers (95). The butanol producing 
pathway in C. acetobutylicum involves sequential catalysis of 7 enzymes: acetyl-
CoA acetyltransferase (thiolase) (Thl, thiL), 3-hydroxybutyryl-CoA dehydrogenase 
(Hbd, hbd), 3-hydroxybutyryl-CoA dehydratase (crotonase) (Crt, crt), butyryl-CoA 
dehydrogenase (Bcd, bcd), electron transfer flavoproteins A and B (EtfAB, etfAB) 
and bifunctional aldehyde alcohol dehydrogenase (AdhE2, adhE2) (Figure 4). Initial 
attempts to produce butanol in E. coli by expressing this pathway yielded less than 
1200 mg/L butanol even with high density cell culture (7, 55, 82). A significant 
advance was made by substitution of the Bcd-EtfAB complex by the NADH-
dependent trans-enoyl-CoA reductase (Ter) (95) (Figure 4). This substitution has 
two major benefits: 1) The conversion of crotonyl-CoA to butyryl-CoA by Ter is 
irreversible while all the steps catalyzed by the native enzymes are reversible. The 
irreversibility of Ter catalyzed reaction serves as a driving force of the whole 
pathway; 2) The native pathway uses both NADH and Clostridial ferredoxin as 
electron carriers and the new pathway featuring Ter requires only NADH, which 
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Figure 5. Non-fermentative pathways for synthesis of alcohols. Natural alcohols and their 2-ketoacid intermediates are shown in black. Non-
natural alcohols and their 2-ketoacid intermediates are shown in red. Intermediates in amino acid biosynthesis are shown in orange boxes. 
Green arrow: chain elongation steps catalyzed by 2-isopropylmalate synthase (LeuA), isopropylmalate isomerase complex (LeuCD) and 3-
isopropylmalate dehydrogenase (LeuB). Blue arrow:enzymetic steps converting 2-ketoacids to corresponding alcohols catalyzed by broad 
substrate range 2-ketoacid decarboxylase (KDH) and alcohol dehydrogenase (91). 
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Bypasses the necessity to expressing the Clostridial ferredoxin. In addition to the 
driving force brought by Ter, the NADH driving force (accumulation of NADH caused 
by deletion of the host’s native NADH consuming pathways including ldhA, frdBC, 
adhE) and the acetyl-CoA driving force (accumulation of acetyl-CoA due to deletion 
of the pta pathway), are indispensible to increased flux towards butanol production. 
These internal driving forces built into the biocatalyst, together with external driving 
forces (in situ product removal by gas stripping), collectively contribute to the high 
titer obtained in this study. Unlike the fermentation of the strict anaerobe Clostridium 
in which an acidogenic phase is required prior to the solventogenic phase for the 
microbe to generate ATP and maintain redox equilibrium (121), using E. coli allows 
more flexibility in culture conditions and has a higher possibility to reduce by-
products. 
Another pathway design for butanol production distinctive from the CoA-
dependent pathway that occurs in native producers, features an amino acid 
metabolism intermediate, 2-ketobutyrate, and is termed “synthetic non-fermenting 
pathway” (8) (Figure 5).  L-threonine derived 2-ketobutyrate was the intermediate for 
butanol production. It was first converted to 2-ketovalerate by the broad substrate-
range LeuABCD, an enzyme in leucine biosynthesis, followed by a 2-step catalysis 
into butanol by Lactococcus lactis 2-ketoacid decarboxylase (KDC) Kivd and alcohol 
dehydrogenase 2 (Adh2) from S. cerevisiae, both of which are also broad substrate 
range enzymes and were proven effective in converting various 2-ketoacids into 
corresponding alcohols (8). However, production of butanol by the 2-ketoacid-
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dependent pathway so far has yielded lower titers (96) than the CoA-dependent 
pathway (95) and is always associated with production of propanol (8, 9, 96). In a 
recent study (9) the Methanococcus jannaschii citramalate synthase was expressed 
in E. coli, which takes pyruvate directly to 2-ketobutyrate, the starter molecule for 1-
propanol, 1-butanol and 2-methyl-1-butanol in the non-fermentative pathway (8).  
The reaction catalyzed by the M. jannaschii citramalate synthase bypassed the L-
threonine metabolism and shortened the 2-ketoacid mediated butanol production 
pathway. 
d. Isobutanol and medium chain alcohols 
A great significance of the 2-ketoacid dependent pathways for alcohol 
synthesis are the versatility in the type of alcohols they can produce. Besides 
butanol and propanol, other alcohols produced via such pathways include isobutanol 
(8, 13), 2-methyl-1-butanol (8, 31), 3-methyl-1-butanol (8, 39, 40) and 2-
phenolethanol (8). The repertoire of alcohols made from 2-ketoacid pathways was 
further enriched by creating a series of nonnatural 2-ketoacids (120). The substrate-
binding pocket of 2-isopropylmalate synthase (LeuA) was enlarged by structure-
based protein engineering to accommodate larger molecules with similar structure to 
its native substrate 2-ketoisovalerate. In this way, 2-ketoacids with a beta-methyl 
group and longer carbon backbone than 2-ketoisovalerate could be carboxylated 
through a 3-step chain elongation catalyzed by engineered 2- isopropylmalate 
synthase (LeuA), isopropylmalate isomerase complex (LeuCD) and 3-
isopropylmalate dehydrogenase (LeuB). The elongated 2-ketoacids were then 
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converted into corresponding alcohol by KCD and ADH. These alcohols are usually 
C5-C8 branched-chain alcohols and have very similar characteristics with some of 
the hydrocarbons in gasoline.  
Currently the only alcohol derived from the non-fermentative pathway that has 
been produced at appreciable titer is isobutanol (8, 13). Its production was optimized 
by testing alternative ADH enzymes for the last step of the pathway and by 
improving the tolerance of E. coli to isobutanol. E. coli naturally lacks tolerance to 
higher alcohols and can be inhibited by 1.5% (w/v) isobutanol (8). However, mutants 
tolerant to 2% (w/v) isobutanol were obtained after only 5 rounds of culture transfer 
with increased isobutanol concentration, indicating a great potential for improving the 
isobutanol tolerance in E. coli. A comprehensive study of the isobutanol response 
network was performed with transcription network analysis, construction of gene 
knock-outs and network component analysis (27). SA481, an isobutanol-tolerant 
mutant of isobutanol-producing E. coli strain JCL 260 was obtained with tolerance up 
to 8 g/L isobutanol by directed evolution. However, higher tolerance didn’t contribute 
to higher isobutanol production (11). A few alcohol dehydrogenases were evaluated 
for their isobutyraldehyde reductase activity in the last step of isobutanol production 
via 2-ketoacid pathway (10). Results indicated that the E. coli genomic YqhD, a 
broad substrate range alcohol dehydrogenase, contributed a significantly isobutanol 
production. Overexpression of YqhD showed better production than the yeast ADH2 
used in the original isobutanol producing strain JCL260 (10). So far the highest titer 






Figure 6. Engineering Escherichia coli fatty acids metabolism pathways for biofuels. 
Possible fatty acid-derived biofuels are shown in blue. Multi-enzyme reactions or 
reactions that are not well studies yet are shown with dashed arrows. ACC: acetyl-
CoA carboxylase. AtfA: wax ester synthase. FAEE: fatty acid ethyl esters. FAS: fatty 
acid synthase. TE: thioesterase. FadB: enoyl-CoA hydratase/3-hydroxyacyl-CoA 
dehydrogenase. FadD: fatty acyl-CoA synthetase. FadE: acyl-CoA dehydrogenase. 




 bioreactor with in situ product removal by gas stripping (13). 
e. Fatty acid derived biofuels 
Compared to short chain alcohols, fatty acid derived biofuels have greater 
similarity to petroleum derived fuels in terms of chain length and energy density and 
have been considered as the best petro-fuel substitutes. The success in biodiesel 
commercialization and its wide use in today’s diesel engines has provided a rational 
for engineering microbes to produce fatty acid derived biofuels. While sharing the 
same metabolic intermediate (acetyl-CoA) as the starting point, fatty acid 
biosynthesis is more complex than the production of short chain fermentation 
products like acetic acid and ethanol, which is usually accomplished in one or two 
enzymatic steps. The first committed step in fatty acid synthesis is the formation of 
malonyl-CoA from acetyl-CoA and bicarbonate catalyzed by acetyl-CoA carboxylase 
(47) (Figure 6). Fatty acid elongation is catalyzed by fatty acid synthase (FAS) with 
acyl carrier protein (ACP) as the carrier and malonyl-CoA providing the two-carbon 
elongation unit. When the fatty acyl group reaches certain chain length, it is 
transferred from ACP to glycerol-3-phosphate by glycerol-3-phosphate 
acyltransferase to form phospholipids (a cell membrane component), which is the 
main function of fatty acids in E. coli. Multiple mechanisms exist in E. coli to avoid 
overproduction of fatty acids including feedback inhibition of FAS components by 
accumulating fatty acyl-ACP, and activation of fatty acid as CoA derivatives for β 
oxidation. Attempts to overproduce free fatty acids have been made based on 
utilizing and altering these regulatory systems (72). The manipulations included: 1) 
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deletion of fadD to avoid activation of free fatty acids for degradation; 2) 
overexpression of ACC to provide sufficient malonyl-CoA building blocks; 3) 
overexpression of E. coli thioesterase for timely conversion of fatty acyl-ACP to free 
fatty acids in order to prevent inhibition of FAS by accumulating fatty acyl-ACP; 4) 
expression of a plant medium chain-length thioesterase to yield medium chain length 
fatty acids. In this last case, the engineered strain produced free fatty acids up to 
more than 50% of its total fatty acids (72).  
Another desired fuel-like molecule produced from fatty acid biosynthesis is 
fatty acid ethyl ester (FAEE), which in structure is close to the biodiesel currently in 
use (fatty acid methyl ester, FAME). The bifunctional wax ester synthase, acyl-
CoA:diacylglycerol acyltransferase (AtfA) from Acinetobacter calcoaceticus ADP1 
(60, 103) was characterized and expressed in E. coli as a nonspecific 
acyltransferase to produce FAEE (61). Other genetic manipulations in FAME 
producing E. coli include overexpression of Z. mobilis pdc and adhB for ethanol 
production (61), deleting fadE to reduce fatty acid degradation through β oxidation, 
overexpressing thioesterase, and overexpressing a fadD mutant for fatty acyl-CoA 
production and the resulting strain produced up to 674 mg/L FAEE under optimized 
conditions, which is 9.4% of the theoretical yield (100). 
Fatty alcohols, alkanes and alkenes were also produced from fatty acid 
biosynthesis in E. coli, although at very low productivity. Fatty alcohols were derived 
from fatty acyl-CoA by exogenous fatty acid reductases (FARs) (100). Alkenes can 
be produced from head-to-head condensation of fatty acyl-CoAs and 
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decarboxylation of free fatty acids (15, 71). Alkanes can be synthesized from fatty 
acyl-ACP by acyl-ACP reductase and aldehyde decarbonylase found in 
cyanobacteria (93) or by decarboxylation of fatty acids produced by E. coli using 
chemical catalyst (70).  
Although a variety of appealing fuel molecules were readily produced from 
fatty acid biosynthesis in E. coli, the yields so far are very low and substantial 
improvement is needed before this route can be considered for scale-up. The 
preferred product would be a single molecule with specific chain length or a portfolio 
of molecules with desired distribution of chain lengths. This requires exploration of 
appropriate terminating enzymes that work specifically with fatty acyl ACPs of 
certain chain lengths. Genetic engineering (including mutagenesis, directed 









CHAPTER 2. CO-PRODUCTION OF ACETALDEHYDE AND HYDROGEN FROM 




Acetaldehyde is an important compound that is widely used in the food and 
chemical industries. It is one of the ingredients that impart the typical yogurt flavor 
and is used as an additive in a large variety of dairy products, beverages, and other 
food products to help increase the fruit flavor and freshness (29). Acetaldehyde is 
also an important 2-carbon building block  in organic synthesis and is commonly 
used as an electrophile in condensation reactions like 1,2-additions and aldol 
additions (99). The global production of acetaldehyde in 2003 was over 106 tons (44). 
Industrial production of acetaldehyde started as early as 1914 with acetylene as the 
raw material. The reaction was based on the Russian chemist Mikhail Kucherov’s 
discovery of hydration of alkynes with mercury bromide as the catalyst (85). 
Acetylene is not an ideal raw material because it is explosive, and expensive due to 
the intensive energy required in its production. Later, ethylene replaced acetylene as 
starting molecule for acetaldehyde production because it was cheap and readily 
available. Initially acetaldehyde produced from ethylene required ethanol as the 
intermediate. Ethanol was converted to acetaldehyde by either oxidation or 
dehydrogenation. The Wacker–Hoechst reaction, developed in late 1950’s (44), in 
which ethylene was oxidized directly to acetaldehyde, eliminated the necessity of 
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ethanol as the intermediate and this reaction occurs under relatively mild condition. 
Since then,  it has gradually replaced other processes and become the dominant 
way of industrial acetaldehyde production today (112). However, because ethylene 
is derived from petroleum which is non-renewable, alternative sources of 
acetaldehyde are desirable. 
A group of early studies reported the production of acetaldehyde by 
bioconversion of ethanol using alcohol oxidase (AOX) (64, 78, 79, 87). Alcohol 
oxidase is a highly active enzyme produced by methylotrophic yeasts that catalyzes 
the conversion of ethanol into acetaldehyde when oxygen is present, and doesn’t 
require any cofactors like NADH or NADPH. The feasibility of acetaldehyde 
production by AOX was demonstrated by Kierstan when he used purified AOX from 
Candida boidinii to convert ethanol to acetaldehyde, which was evaporated out of 
the reactor (64). The by-product hydrogen peroxide was converted to oxygen by 
catalase which was recycled to allow continuous oxidation of ethanol. After that 
other research groups developed analogous processes using purified enzymes or 
whole cells of different methylotrophic yeasts or mutants expressing AOX (64, 78, 79, 
87). In these systems bioconversion yields ranged from 10-100% and specific 
production rate up to about 0.6 g·h-1·g-1 cells (79) were obtained under optimal 
conditions.  
Previous researches also investigated the use of bacteria to convert glucose 
to acetaldehyde. Ethanologenic bacteria Zymomonas mobilis produces 





Figure 7. Engineered fermentation pathway for the co-production of acetaldehyde 
and H2 by Escherichia coli. Glucose is taken up by the phosphotransferase system 
(PTS) forming glucose-6-P and one molecule of pyruvate. A second molecule of 
pyruvate is formed by the pyruvate kinase reaction (PK). Subsequently, 2 pyruvate 
are converted to 2 acetyl-CoA. The pathways shown in grey, which are used for the 
mixed acid fermentation, were knocked out. The eutE gene of Salmonella enterica 
encodes and acetyl-CoA reductase (ACR) that converts acetyl-CoA to acetaldehyde. 
The net result of the engineered pathway is glucose + 2 ADP + 2 Pi → 2 
acetaldehyde + 2 H2 + 2 CO2 + 2 ATP.  
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alcohol dehydrogenase II (Figure 3). Z. mobilis alcohol dehydrogenase mutants 
were used to produce acetaldehyde from glucose via the pyruvate decarboxylase 
(Pdc) reaction (111). Under aerobic growth conditions (which were required to 
maintain redox balance) these mutants produced about 4 g·L-1 acetaldehyde in 24 h 
with 40% theoretical yield.  In Lactococcus lactis, acetaldehyde was produced using 
strains engineered to overexpress Z. mobilis Pdc and L. lactis NADH oxidase. With 
high density cells that were previously induced for enzyme expression, about 1 g·L-1 
acetaldehyde was produced in 2 hours and 47% theoretical yield was achieved (21).  
In Streptococcus thermophilus, the glyA gene was used to produce acetaldehyde 
from threonine, but the yield was typically below 1 mM (33). Although progress has 
been made, efficient microbial production of acetaldehyde with high yield and 
productivity is currently not available. For this reason, the production of 
acetaldehyde from renewable carbon is not commercially viable. Improved yield and 
specific productivity are needed, and an anaerobic process using single organism 
would also have economic advantages. 
In this study, we engineered Escherichia coli for co-production of 
acetaldehyde and H2 during glucose fermentation. This was done by replacing the 
native fermentation pathways of E. coli with an exogenous acetyl-CoA 
reductase/acetaldehyde dehydrogenase (ACR/ALDH) (Figure 7). The engineered E. 
coli strain converted glucose to 2 acetaldehyde + 2 H2 + 2 CO2. Under optimal 
conditions, specific productivity of acetaldehyde was 0.68 ± 0.2 g h-1 g-1 dry cell with 
86% theoretical yield which are the best values reported for the conversion of 
33 
 
glucose to acetaldehdye. Unlike other systems, the pathway of acetaldehyde 
production used here is redox balanced which is advantageous in that it allows the 
production of acetaldehyde under anaerobic conditions without the formation of 
reduced organic co-products. This pathway also produces 2 net ATP per glucose 
consumed which is equivalent to or better than efficient fermentation pathways found 
in nature such as the lactic acid and ethanol fermentations (38, 43, 57).  In addition, 
H2 is produced as a valuable co-product and the E. coli production strain is highly 
amenable to genetic manipulations which should facilitate further process 
improvements.  Lastly, we discuss the possibility of a more economic method of 
ethanol production that does not require distillation (a “no-distill fermentation”) based 
on co-production of acetaldehyde and H2 by fermentation followed by chemical 
conversion to ethanol. 
 
Materials and Methods 
 
Chemicals and Reagents. Restriction enzymes, Taq polymerase and T4 ligase 
were purchased from New England Biolabs Inc (Beverly, MA). Acetyl-CoA, 3-methyl-
2-benzothiazolinone hydrazone (MBTH) and antibiotics were from Sigma-Aldrich 
Corporation (St. Louis, MO). Other chemicals and reagents were purchased from 
Fisher Scientific (Pittsburgh, PA). 
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General protein methods. Denaturing polyacrylamide gel electrophoresis (SDS-
PAGE) was performed using Bio-Rad Redigels or TGX pre-cast gels, and a Bio-Rad 
Mini-Protean II or Tetra electrophoresis cells according to the manufacturer's 
instructions.  Following gel electrophoresis, Coomassie Brilliant Blue R-250 was 
used to stain proteins.  The protein concentration of solutions was determined using 
Bio-Rad Protein Assay Reagent (Bio-Rad).  
General molecular methods. Agarose gel electrophoresis was performed as 
described previously (92).  Plasmid DNA was purified by the alkaline lysis procedure 
(92) or by using Qiagen products (Qiagen, Chatsworth, CA) according to the 
manufacturer's instructions.  Following restriction digestion or PCR amplification, 
DNA was purified using Qiagen PCR purification or gel extraction kits.  Restriction 
digests were carried out using standard protocols (92).  For ligation of DNA 
fragments, T4 DNA ligase was used according to the manufacturer's directions (New 
England Biolabs).  Electroporation was carried out as previously described using a 
Bio-Rad GenePulser (19). 
Bacterial strains and culture conditions The bacterial strains used in this study 
are listed in Table 1.  The rich medium used was modified lysogeny broth (47) which 
is sold as Luria-Bertani/Lennox medium (Difco, Detroit, MI) (18, 74).  The minimal 
medium used was no-carbon-E (16, 108). Antibiotics were used at the following 










Strains   
BE400 E. coli str. K-12 substr. MG1655 Lab collection 
BE100 
E. coli BL21DE3 RIL (Cmr. For expression of rare RIL 
codons, from Stratagene) 
Lab collection 
BE522 DH5α, pBE522(Kanr) Lab collection 
ZH92 DH5α, pBE522-eutE (Kanr) This study 
ZH99 BE100, pBE522(Kanr,Cmr) Lab collection 
ZH100 BE100, pBE522-eutE(Kanr,Cmr) This study 
ZH103 BE100, pBE522- His6-SeEutE This study 
ZH39 BE400, pBE522(Kanr) This study 
ZH40 BE400, pBE522-eutE(Kanr) This study 
NA19 BE400, adhE::FRT This study 
ZH58 BE400, adhE::FRT, pLAC22(Ampr) This study 
ZH54 BE400, adhE::FRT, pLAC22-adhE(Ampr) This study 
ZH97 BE400, adhE::FRT, pBE522(Kanr) This study 
ZH98 BE400, adhE::FRT, pBE522-eutE(Kanr) This study 
ZH44 BE400, pta::FRT This study 
ZH57 BE400, pta::FRT, pBE522(Kanr) This study 
ZH55 BE400, pta::FRT, pBE522-pta (Kanr) This study 
ZH94 BE400, pta::FRT, pBE522-eutE (KanR) This study 
ZH46 BE400, ackA::FRT This study 
ZH64 BE400, ackA::FRT, pLAC22(Ampr,Tetr) This study 
ZH65 BE400, ackA::FRT, pLAC22-ackA(Ampr) This study 
ZH95 BE400,ackA::FRT, pBE522(Kanr) This study 
ZH96 BE400,ackA::FRT, pBE522-eutE(Kanr) This study 
ZH28 BE400, ldhA::FRT This study 
ZH41 BE400, ldhA::FRT, pBE522(Kanr) This study 
ZH132 BE400, ldhA::FRT, pBE522-ldhA (Kanr) This study 
ZH42 BE400, ldhA::FRT, pBE522-eutE(Kanr) This study 
ZH71 BE400, frdC::FRT This study 
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ZH91 BE400, frdC::FRT, pLAC22(Ampr,Tetr) This study 
ZH90 BE400, frdC::FRT, pLAC22-frdC(Ampr) This study 
ZH109 BE400, frdC::FRT, pBE522(Kanr) This study 
ZH108 BE400,frdC::FRT,pBE522-eutE(Kanr) This study 
ZH30 BE400, adhE::FRT, ackA-pta::FRT This study 
ZH111 BE400, adhE::FRT, ackA-pta::FRT, pBE522(Kanr) This study 
ZH110 BE400, adhE::FRT, ackA-pta::FRT, pBE522-eutE(Kanr) This study 
NA20 BE400, adhE::FRT, ldhA::FRT Lab collection 
ZH4 BE400, adhE::FRT, ldhA::FRT, pBE522(Kanr) This study 
ZH3 BE400, adhE::FRT, ldhA::FRT, pBE522-eutE(Kanr) This study 
ZH22 BE400, adhE::FRT, ldhA::FRT, ackA-pta::FRT This study 
ZH25 




BE400, adhE::FRT, ldhA::FRT, ackA-pta::FRT, pBE522-
eutE(Kanr) 
This study 
ZH82 BE400, frdC::FRT, ldhA::FRT This study 
ZH85 BE400, frdC::FRT, ldhA::FRT, pBE522(Kanr) This study 
ZH86 BE400, frdC::FRT, ldhA::FRT, pBE522-eutE(Kanr) This study 
ZH87 








BE400, adhE::FRT, ldhA::FRT, ackA-pta::FRT, 
frdC::FRT, adhP::kan 
This study 
ZH114 BE400, adhE::FRT, ldhA::FRT, ackA-pta::FRT, frdC::FRT, adhP::kan, pBE1370(Ampr, Kanr) This study 
ZH113 BE400, adhE::FRT, ldhA::FRT, ackA-pta::FRT, 
frdC::FRT, adhP::kan, pBE1370-eutE(Ampr, Kanr) 
This study 
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BE400, adhE::FRT, ldhA::FRT, ackA-pta::FRT, 




BE400, adhE::FRT, ldhA::FRT, ackA-pta::FRT, 




BE400, adhE::FRT, ldhA::FRT, ackA-pta::FRT, 
frdC::FRT, pBE522-eutE(Kanr) allyl alcohol resistant, 
isolate 1 
This study 
Primers   
adhEBam-f GCCGCCGGATCCATGGCTGTTACTAATGTCGCTGA  
adhESph-r GCCGCCGCATGCTTAAGCGGATTTTTTCGCTTT  
ackABglII-f GCCGCCAGATCTATGTCGAGTAAGTTAGTACTG  
ackAHinDIII-r GCCGCCAAGCTTTCAGGCAGTCAGGCGGCT  
ptaBamHI-f gccgccggatccGTGTCCCGTATTATTATGCTGATCC  
ptaNco-r gccgccccatggTTACTGCTGCTGCTGAGAAGC  
frdCBglII-f GCCGCCAGATCTATGACGACTAAACGTAAACCG  
frdCHinDIII-r GCCGCCAAGCTTTTACCAGTACAGGGCAACAAAC  
ldhABglII-f AGGAGGAGATCTATGAAACTCGCCGTTTATAGCAC  







Growth of strains for analysis of fermentation products. Strains were streaked 
from frozen stocks to LB agar containing appropriate antibiotics.  A single colony 
was used to inoculate 2 ml of LB medium with antibiotic(s), and cultures were 
incubated overnight at 37°C. 1 mL of this culture was centrifuged at 10,000 x g and 
cells were resuspended in 1 ml of NCE glucose minimal medium supplemented with 
0.4% wt/vol glucose, NCE, 1 mM magnesium sulfate, 1mM IPTG, 10µM sodium 
molybdate, 3.6 µM ferrous citrate, 1µM sodium selenate, and 1 µM nickel chloride. 
Cell suspensions were used to inoculate 6 mL NCE glucose minimal medium to an 
initial OD600 of 0.2 in 18x150 mm serum vials (Bellco Glass, Vineland, NJ). Vials 
were sealed with rubber stoppers and aluminum crimp seals (Wheaton) inside an 
anaerobic chamber (Coy Laboratory products Inc., Grass Lake MI). When desired, 
the pH was lowered by addition of 1M phosphoric acid. All liquid cultures were grown 
at 37°C in an I2400 incubator shaker (New Brunswick Scientific) at 275 rpm, unless 
otherwise stated. After appropriate incubation, growth was determined by measuring 
cell density at 600 nm using a Spectronic D20+ spectrophotometer (Thermo 
Scientific) and fermentation products were measured by HPLC and chemical 
methods as described below. 
HPLC analysis of Fermentation Products.  After 24 hours incubation, cells were 
spun down and the supernatant was filtered through a 0.22 µm Millex syringe filter 
with PVDF membrane (Millipore, Billerica, MA). The filtrate was analyzed using an 
Bio-Rad Aminex HPX-87H (300 x 7.8 mm) column with a Varian ProStar HPLC 
system that included a 230 solvent delivery module, a 430 autosampler, a 325 UV-
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Vis detector, a 355 refractive index detector and a MetaTherm column heater 
(Varian, Palo Alto, CA).  The column was heated to 50°C and was eluted at 0.3 ml 
min-1 with 5 mM H2SO4 (isocratic). Lactate, succinate, acetate and formate were 
quantitated by monitoring absorbance of 210 nm and comparing peak areas to a 
standard curve. Ethanol was similarly quantitated using the refractive Index detector. 
Standard solutions were prepared using 5mM sulfuric acid as solvent.  
Chemical quantitation of glucose and acetaldehyde. Glucose was determined 
using the Glucose (GO) Assay Kit (Sigma-Aldrich Corp.). Acetaldehyde was 
determined used the MBTH assay as described with the following modifications 
(106). Assay mixtures contained 186 µL H2O, 143 µL 0.1% MBTH, 286 µL 100 mM 
potassium citrate at pH 3.6 and 100 µL of appropriately diluted sample, and were 
incubated at 37°C for 15 minutes prior to measuring absorbance at 305 nm.  
Hydrogen Measurement.  Hydrogen was measured by injecting 50 µL headspace 
from a sealed culture tube into a Varian CP-3800 gas chromatograph equipped with 
a CP-Molsieve 5A column and a thermal conductivity detector. The temperatures of 
the injector, the column and the detector were maintained at 200°C, 40°C and 220°C. 
The carrier gas was nitrogen at a flow rate 29 mL min-1. Under these conditions, the 
retention time of hydrogen was 0.67 min. 
Construction of deletion mutants.  The maternal parent of the deletion mutants 
used in these studies was E. coli K-12 MG1655. Single-gene knockout mutations 
were from the Keio collection which was purchased from the Genome Analysis 
Project in Japan (12). P1 transduction was used to move specific deletions from the 
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Keio collection into E. coli K-12 MG1655 selecting for kanamycin resistance. 
Transductants were colony purified, then transformed with pCP20 that expresses the 
Flp recombinase to remove the kanamycin resistance gene as described (42). 
Multiple chromosomal deletions were made by repeating P1 transduction and Flp 
recombination with additional mutants from the Keio collection.  
Construction of plasmids for protein production and complementation.  To 
construct strains for high-level protein production, the genes encoding SeEutE and 
His6-SeEutE were cloned via PCR (59) into a T7 expression plasmid. The template 
was chromosomal DNA from Salmonella enterica serovar Typhimurium LT2 and the 
primers were eutEBgl-f, eutEHinDIII-r and eutEHTN-f, eutEHTN-r (Table 1). The 
restriction sites used for cloning were BglII and HinDIII and the vector was pBE522.  
Vector pBE522 was constructed from pET41-a (EMD chemicals, Gibbstown, NJ) by 
replacing the DNA between its SphI and NdeI sites with the following linker: 
GCATGCAATTAATACGACTCACTATAGGGGAATTGACAATTAGTTAACTATTTGT
TATAATGTATTCCGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATT
TTGTTTAACTTTAAGAAGGAAGATCTCATATG. The linker which was made by 
annealing synthetic oligonucleotides as described (59) provides both T7 and E. coli 
consensus promoters that are regulated by IPTG making it is useful for protein 
production in both wild-type E. coli and DE3 lysogens.  
The vectors used for complementation studies were pBE522 for ldhA and pta, 
and pLAC22(109) for adhE, ackA and frdC. For both vectors, protein production is 
regulated by IPTG. The adhE, pta, ackA, ldhA, and frdC genes were each cloned 
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into these vectors via PCR using genomic DNA of E. coli K-12 MG1655 as template. 
The pta gene was amplified with forward primer ptaBam-f and reverse primer 
ptaNco-r (Table 1), digested with BamHI and NcoI and ligated into pBE522 cut with 
BglII and NcoI. The adhE gene was amplified with primers adhEBam-f and and 
adhESph-r (Table 1), digested by BamHI and SphI, and ligated to LAC22 cut with 
BglII and SphI. The ackA, frdC and ldhA genes were amplified with primers 
ackABglII-f, ackAHinDIII-r, frdCBglII-f, frdCHindIII-r, and ldhABglII-f and ldhAHindIII-r 
(Table 1), digested by BglII and HindIII, and ligated to similarly cut vector. The DNA 
sequence of all clones was verified prior to further studies. 
Preparation of cell extracts. To obtain cell extracts of the SeEutE production strain, 
-80°C stocks were streaked on LB agar plates containing kanamycin and incubated 
at 37°C overnight. A single colony was used to inoculate 2 mL LB kanamycin 
medium in 17*100 mm polystyrene tube (Evergreen Scientific, Los Angeles, CA). 
After overnight incubation-shakingat 37°C, 275 rpm, 1 mL of culture was used to 
inoculate 400 mL LB medium containing kanamycin. IPTG was added to 1mM when 
cell density reached 0.6. The culture was then incubated overnight. Cells were 
harvested by centrifugation at 10,000 x g using an Avanti J-25 centrifuge and a JA-
17 rotor (Beckman Coulter, Brea, CA). When French Press was used, cells were 
resuspended in 35 mM potassium phosphate pH 8.0, 50 mM potassium chloride and 
broken using a French Press according to the manufacturer’s instructions (Thermo 
Scientific). Crude cell lysate was centrifuged at 25,000 x g for 30 min at 4°C. The 
supernatant and the pellet (which was resuspended in break buffer) were saved for 
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further analyses. When BPER was used, cell pellets were lysed with BPER reagent 
and the lysate was centrifuged to separate supernatant and pellet according to the 
protocol. 
To obtain extracts from cells grown anaerobically on glucose, a fresh colony 
from LB kanamycin plates was used to inoculate 2 mL LB kanamycin broth in 
17*100 mm polystyrene tube (Evergreen Scientific, Los Angeles, CA). After 
overnight incubation –shaking at 37°C, 275 rpm, 2 mL of culture was spun down, 
resuspended in 2 mL NCE glucose minimal medium, and used to inoculate 400 mL 
NCE glucose minimal medium in a 1 liter flask (Bellco Glass, Vineland, NJ). The 
flask was sealed by a rubber stopper wrapped with parafilm inside an anaerobic 
chamber. The flask was taken out of the chamber and incubated in a 37C incubate 
shaker for 24 hours. The cells were harvested as described above. 
Purification of His6-SeEutE. An overnight culture of the His6-SeEutE production 
strain (ZH103) was prepared from a single colony as described above and used to 
inoculate 40 mL LB kanamycin medium at 1:50 dilution in an 125 mL pyrex flask 
(Corning Inc., Corning, NY).. This culture was grown at 37°C and when the OD at 
600 nm reached 0.6 IPTG was added to 1 mM. After induction, cells were grown at 
30°C overnight, and pelleted by centrifugation at 10,000 x g for 10 min at 4°C. The 
supernatant was removed and 1.5 mL BPER reagent was added to the pellet. This 
mixture was gently shaken for 10 minutes at room temperature and centrifuged at 
15,000 x g for 15 min. The supernatant was removed and 1.5mL BPER reagent was 
used to resuspend the pellet. Freshly prepared lysozyme was added to the 
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resuspended pellet at final concentration of 200 µg mL-1, and the suspension was 
incubated at room temperature for 5 minutes. Next, 4.5 mL BPER reagent diluted 
1:10 in 20mM Tris-HCl pH7.5 was added and the sample was mixed well by pipeting 
up and down and placed on ice for 30 minutes. This mixture was centrifuged at 
35,000 x g for 30 min and the supernatant was passed through a 0.45 µm syringe 
filter.  The filtered sample was loaded onto an 5 mL Ni-NTA column (Qiagen) that 
had been previously equilibrated with 15 ml of 20 mM Tris-HCl (pH 8.0) 300mM 
NaCl and 20 mM imidazole. The column was washed with 7.5 mL of equilibration 
buffer with 100 mM imidazole and eluted with3.75 mL (5 aliquots of 0.75 mL) of a 
similar buffer containing 300 mM imidazole, collected separately.  
Aldehyde dehydrogenase (ALDH) and acetyl-CoA reductase (ACR) enzyme 
assays. Assays were performed by monitoring A340 using a Cary 50 Bio UV-Visible 
spectrophotometer (Varian, Inc., Palo Alto, CA). The assay buffer was 35 mM 
potassium phosphate, pH 8.0 supplemented with 50 mM KCl. When desired, the pH 
was adjusted by adding 1M phosphoric acid. All reagents were made using assay 
buffer as the solvent. The assay volume was 1mL and reagents were used at the 
following concentrations: NADH 400 µM, acetyl-CoA 500 µM, DTT 1 mM, NAD+ 500 
µM, coenzyme A 500 µM, acetaldehyde 2 mM. Quantitation was done using using 
ε340 = NADH 6.22 mM-1·cm-1. 
Allyl alcohol selection.A fresh colony of ZH88 was used to inoculate 2 mL LB 
medium with kanamycin in 17*100 mm polystyrene tube (Evergreen Scientific, Los 
Angeles, CA). 100uL overnight culture was spread on LB agar plate containing 25 
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g·L-1 kanamycin, 0.4% (wt/vol) glucose and 0.2 mM, 2 mM, 10 mM, 20 mM, 50 mM, 
or 100 mM allyl alcohol. The plates were incubated at 37 °C in anaerobic chamber. 
Three colonies isolated on the plate with 100 mM allyl alcohol were colony purified 
on similar medium and then on a LB agar plate with kanamycin. 
Dry cell weight measurement and determination of specific production rate. 
Cells were grown anaerobically in 400 mL NCE glucose minimal medium with 1 g/L 
yeast extract at pH 6.0. At desired time points, 40mL cell culture was removed, spun 
down and washed once with 40 mL of ddH2O. The cell pellet was then transferred to 
a dry, pre-weighed microcentrifuge tube, and then dried overnight in an oven at 
200 °C and weighed. The dry cell weight versus OD 600 was used as a standard 
curve to determine dry cell weight at measured OD values. Specific production rate 
of acetaldehyde was calculated Δ acetaldehyde (g/L) / Δ dry cell weight (g/L)*growth 
rate (h-1). Growth rate was calculated as (log10t2-log10t1)/(t2-t1)*2.303. 
Measurements were done in the time period from 0 to 8 hours. 
In situ removal of acetaldehyde in fermentation by gas stripping. Each vial 
contained 12 mL growth medium (NCE glucose minimal medium with 1 g/L yeast 
extract at pH6.0) and initial inoculation was made at OD600=0.2. No inoculation was 
made in the control vial. Each vial was capped with a rubber stopper and incubated 
in 37°C water bath for 24 hours. Sterile nitrogen gas was bubbled into cell culture 






The S. typhimurium EutE protein catalyzes the conversion of acetyl-CoA to 
acetaldehyde 
The purpose of this study was to engineer E. coli to co-produce acetaldehyde and 
H2 from glucose (a renewable carbon source). Our approach required an enzyme 
that catalyzes the following reaction: acetyl-CoA + NADH + H+ → acetaldehyde + 
HS-CoA + NAD+ (Figure 7).  In this report, we refer to the forward reaction as written 
above as ACR (acetyl-CoA reductase) and the reverse reaction as ALDH 
(acetaldehyde dehydrogenase). Based on sequence analyses and genetic tests, the 
S. enterica EutE enzyme (SeEutE) was previously proposed to be a CoA-dependent 
ALDH used for B12-dependent ethanolamine degradation (102); however, its 
enzymatic activity and reversibility were not previously reported. To test the activity 
of SeEutE, recombinant enzyme was produced using both the lac promoter (ZH92) 
and an E. coli T7 expression strain (ZH100). SDS-PAGE showed that both strains 
produced relatively large amounts of protein near the molecular mass of SeEutE (49 
kDa) (Figure 8a, Lane 1; Figure 8b, Lane 1) while the control strains (BE522 and 
ZH99) containing the expression plasmid without the insert produced little protein 
near 49 kDa (Figure 8a, Lane 4; Figure 8b, Lane 4). Enzyme assays showed that 
crude cell extract from the strain that highly expressed SeEutE (ZH100) had 14.27 ± 
1.84 µmol min-1 mg-1 ACR activity and 33.62 ± 3.39 µmol min-1 mg-1 ALDH activity 
(Table 2).  In contrast, control extracts lacked detectable activity for either reaction.  
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Figure 8. Purification of SeEutE and His6-SeEutE. a. SDS-PAGE analysis of SeEutE in ZH92 
purified by French Press. M: molecular weight marker; 1. crude lysate of ZH92; 2. supernatant of 
ZH92; 3. pellet of ZH92; 4. crude lysate of BE522; 5. supernatant of BE522; 6. pellet of BE522. 10ug 
protein was loaded in each lane. b. SDS-PAGE analysis of SeEutE in ZH100 purified by BPER. M: 
molecular weight marker; 1. crude lysate of ZH100; 2. supernatant of ZH100; 3. pellet of ZH100; 4. 
crude lysate of ZH99; 5. supernatant of ZH99; 6. pellet of ZH99. 10ug protein was loaded in each 
lane. c. SDS-PAGE analysis of His6-SeEutE in ZH103 by Nickel-affinity chromatography.  M: 
molecular weight marker. 1: crude lysate. 2: supernatant from the crude lysate. 3. pellet from the 
crude lysate. 4. Solubilized pellet, filtered through a 45µm membrane. 5. flow through. 6. 100mM 
imidazole wash. 7. 300 mM immidazol eluant. A 10% acrylamide gel was used and proteins were 
stained with Coomassie. 1 µg protein was loaded on Lane 7 and 5µg protein was loaded on each of 
the other sample lanes. 
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Table 2. Specific activity of SeEutE expressed under different conditions. 
Specific Activity of SeEutE purified from cell lysate by French Press 
(aerobic cell culture, lac promoter) 
Strains Cell fraction 
acetyl-CoA reductase  
(ACR) 
(µmol min-1 mg-1) 
aldehyde dehydrogenase  
(ALDH) 
(µmol min-1 mg-1) 
ZH92 Crude lysate 2.55 ± 0.32 7.54 ± 0.35 
 Supernatant 0.20 ± 0.02 0.16 ± 0.02 
 Pellet 6.55 ± 0.79 16.78 ± 2.83 
BE522 Crude lysate 0.40 ± 0.08 ND 
 Supernatant 0.16 ± 0.03 ND 
 pellet 0.54 ± 0.16 ND 
Specific Activity of SeEutE purified from cell lysate by BPER 
(aerobic cell culture, T7 promoter) 
Strains Cell fraction 
acetyl-CoA reductase  
(ACR) 
(µmol min-1 mg-1) 
aldehyde dehydrogenase  
(ALDH) 
(µmol min-1 mg-1) 
ZH100 Crude lysate 14.27 ± 1.84 33.62 ± 3.39 
 Supernatant 0.75 ± 0.54 1.84 ± 0.93 
 Pellet 19.65 ± 2.62 47.21 ± 3.66 
ZH99 Crude lysate ND ND 
 Supernatant ND ND 
 Pellet ND ND 
Specific Activity of SeEutE purified from cell lysate by BPER 
(aerobic cell culture, T7 promoter) 
Strains Cell fraction 
acetyl-CoA reductase  
(ACR) 
(µmol min-1 mg-1) 
aldehyde dehydrogenase  
(ALDH) 
(µmol min-1 mg-1) 
ZH40 Crude lysate 15.74 ± 0.06 38.23 ± 0.88 
 Supernatant 5.02 ± 0.96 12.02 ± 5.07 
 Pellet 20.95 ± 3.65 56.08 ± 3.08 
ZH39 Crude lysate ND ND 
 Supernatant ND ND 
 Pellet ND ND 
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Table 3. Butyryl-CoA reductase (BCR) and butyraldehyde dehydrogenase (BLDH) activity of 
SeEutE purified from cell lysate. Cell cultures were grown aerobically and SeEutE was 
expressed under T7 promoter.  
ND: not detected. 
Cell fraction 
butyryl-CoA reductase (BCR) 
(µmol min-1 mg-1) 
butyraldehyde dehydrogenase (BLDH) 
(µmol min-1 mg-1) 
ZH100 
Crude lysate 4.57 ± 0.16 8.13 ± 0.63 
Supernatant ND 0.22 ± 0.19 
Pellet 7.00 ± 1.35 12.08 ± 1.20 
ZH99 
Crude lysate 0.40 ± 0.08 ND 
Supernatant 0.16 ± 0.03 ND 




These results provided biochemical evidence that SeEutE is a reversible enzyme 
that has both ALDH and ACR activity. Besides acetaldehyde and acetyl-CoA, we 
found that SeEutE can also utilize butyraldehyde and butyryl-CoA as the substrate 
and catalyze the conversion between them (Table 3), although the respective 
activities were lower than with native substrates. 
We also tested the solubility of recombinant SeEutE by centrifuging cell 
extract and measuring the ACR/ALDH activity in the pellet and supernatant fractions. 
Greater than 95% of the total activity was in the pellet fraction. This was somewhat 
unexpected since insoluble fractions usually contain inactive misfolded protein. In 
this case, however, the insoluble fraction had high activity indicating that the 
expression strains formed aggregates consisting of properly folded active SeEutE. A 
similar result was reported for the PduO protein whose commonality with EutE is that 
both are associated with bacterial microcompartments (58). Aggregation may be a 
general property of microcompartment proteins.  
 
Purification of His-tagged EutE.  
The studies described above were done with native recombinant SeEutE. To 
facilitate purification, we constructed an E. coli strain ZH103 to produce SeEutE with 
an N-terminal 6x His tag (His6-SeEutE). Crude extracts from this strain had 7.89 ± 
1.23 µmol min-1 mg-1 ACR activity (Table 4) most of which (~90%) was in the 
insoluble fraction similar to what was observed for non-His-tagged enzyme  
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Table 4. Affinity purification of His6-SeEutE. 
fraction 
acetyl-CoA reductase (ACR) 
 
acetaldehyde dehydrogenase (ALDH) 
specific activity 













7.89 ± 1.23 47.01 ± 4.23 100  12.49 ± 1.41 77.63 ± 7.55 100 
solubilized 
pellet 
8.05 ± 1.22 47.67 ± 0.70 101  14.74 ± 1.72 77.86 ± 7.21 100 
Ni-NTA 
eluate 





(described above). The insoluble fraction was solubilized with BPER reagent (a 
proprietary detergent mixture) and His6-SeEutE was purified by Ni-NTA affinity 
chromatography. SDS-PAGE indicated that His6-SeEutE was about 90% pure 
following Ni-NTA chromotagraphy (Figure 8). The specific ACR activity of the 
purified enzyme was 49.23 ± 2.88 µmol min-1 mg-1 and a 40% yield was obtained 
(Table 2). We note that when His6-SeEutE was solubilized, >100% activity was 
recovered. This suggests that aggregation may have slightly inhibited enzyme 
activity. 
 
Reaction requirements of the SeEutE enzyme. 
Using SeEutE purified by Ni-NTA chromatography as described above, we 
examined its reaction requirements. No ACR activity was detected if NADH or 
acetyl-CoA were omitted from the reaction. No ALDH activity could be detected if 
acetaldehyde or NAD+, HS-CoA were omitted from assay mixtures. In addition, no 
alcohol dehydrogenase activity was detected in assays containing ethanol and 
NAD(P)+ or acetaldehyde and NAD(P)H. Thus, assays with purified enzyme 
provided direct experimental evidence that that SeEutE is a reversible ALDH/ACR 
with relatively high specific activity.  
 






                  





Cofactor preference of His6-SeEutE.  
Using purified SeEutE, we tested its preference for NAD+/NADP+. The ACR activity 
of SeEutE was 6% with NADPH compared to NADH (100%). The ALDH activity was 
3% with NADP+ compared to NAD+ (100%). Thus, SeEutE prefers NAD+/NADH and 
has low activity with NADP+/NADPH. 
 
Effect of pH on His6-SeEutE activity.  
The effect of pH on the activity of His6-SeEutE was examined (Figure 9). We tested 
pH values from 6 to 8 in increments of 0.5 units. Maximal ACR activity was a pH 6.5 
and > 60% activity was retained at pH 7.5. The ALDH activity of His6-SeEutE was 
maximal a pH 7.5 and > 80% activity was retained at pH 7.0. Thus, SeEutE has high 
activity at physiological pH (7-7.5).  
 
Use of the SeEutE acetaldehyde dehydrogenase for the production 
acetaldehyde from glucose. 
E. coli grows anaerobically on glucose by a mixed acid fermentation. The major end-
products of this process are ethanol, acetate, lactate, succinate, formate, H2 and 
CO2 (Figure 2) (35, 114). As a first step toward the co-production acetaldehyde and 
H2 during glucose fermentation, an eutE expression plasmid (pBE522-eutE) was 
transformed into wild-type E. coli MG1655. This was expected to redirect some of 
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the acetyl-CoA produced during glucose degradation to acetaldehyde. However, 
when E. coli producing SeEutE (ZH40) was grown anaerobically on glucose, no 
acetaldehyde production was detected (Table 6). Enzyme assays showed that cell 
extracts from ZH40 grown anaerobically on glucose had 15.74 ± 0.06 µmol min-1 mg-
1 ACR activity (Table 2) verifying that SeEutE was expressed under these growth 
conditions. Consequently, we inferred that the native E. coli fermentation enzymes 
that also use acetyl-CoA as a substrate (AdhE and Pta-Ack) outcompeted EutE for 
acetyl-CoA inhibiting acetaldehyde formation, or that the acetaldehyde made by 
EutE was converted to ethanol by the bifunctional acetaldehyde 
dehydrogenase/alcohol dehydrogenase AdhE. To test these possibilities and 
increase acetaldehyde production, the eutE gene was expressed in genetic 
backgrounds carrying deletions of the adhE, ackA, pta, ldhA or frdC genes as well 
as combinations of these mutations. 
 
Construction of mutants and complementation tests. 
 To block possible competing fermentation pathways and hopefully direct more 
carbon flux toward acetaldehyde production by EutE, we constructed single-gene 
knockouts of E. coli MG1655 in which one of the native fermentation pathways was 
deleted. The adhE, ackA, pta, ldhA or frdC deletions used in this study were 
deletions from the Keio collection (12). These mutations were constructed by a PCR-
based method that replaces nearly the entire coding sequence of a target gene with 
a kanamycin resistance marker that was later removed using the flp recombinase  
 
55 
Table 5.  Complementation studies. 
Strains Genotype Phenotype 
adhE Complementation 
 adhE  pLAC22 pLAC22-adhE doubling time (hr)  *H2 production (mM) ethanol production (mM) 
BE400 + - - 4.26 ± 0.19 22.50 ± 2.62 15.87 ± 0.88 
NA19 - - - NG ND ND 
ZH58 - + - NG ND ND 
ZH54 - - + 4.67 ± 0.60 23.85 ± 0.97 16.42 ± 0.13 
ackA Complementation 
 ackA pLAC22 pLAC22-ackA doubling time (hr)  *H2 production (mM) acetate production (mM) 
BE400 + - - 4.26 ± 0.19 22.50 ± 2.62 15.80 ± 0.87 
ZH46 - - - 7.01 ± 0.39 7.41 ± 0.63 5.50 ± 0.10 
ZH64 - + - 13.64 ± 0.32 8.85 ± 0.25 3.30 ± 0.40 
ZH65 - - + 3.25 ± 0.71 23.82 ± 1.06 14.6 ± 4.20 
pta Complementation 
 pta pBE522 pBE522-pta doubling time (hr) *H2 production (mM) acetate production (mM) 
BE400 + - - 4.26 ± 0.19 22.50 ± 2.62 15.80 ± 0.87 
ZH44 - - - 5.99 ± 2.16 3.55 ± 0.44 ND 
ZH57 - + - 4.89  ± 1.65 2.97 ± 0.34 ND 
ZH55 - - + 4.84 ± 0.51 23.84 ± 1.04 12.10 ± 1.50 
ldhA Complementation 
 ldhA pBE522 pBE522-ldhA lactate production (mM) 
BE400 + - - 0.32 ± 0.01 
ZH28 - - - ND 
ZH41 - + - ND 
ZH132 - - + 5.84 ± 0.70 
frdC Complementation 
 frdC  pLAC22 pLAC22-frdC succinate production (mM) 
BE400 + - - 3.80 ± 0.06 
ZH71 - - - ND 
ZH91 - + - 0.47 ± 0.12 
ZH90 - - + 3.54 ± 0.23 
*The concentration of H2 is calculated as the amount of hydrogen (mole) in the headspace divided by 6mL which was the volume 
of liquid culture used. This allows direct comparison of the H2 concentrations with the concentrations of fermentation products.
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(42).  Each single mutant was moved from the Keio collection into E. coli MG1655 
separately by P1 transduction (75). The insertion site of the kanamycin marker was 
verified by PCR, and HPLC analyses were used to confirm that each single mutant 
altered the glucose fermentation profile of E. coli as expected (Table 5). In addition, 
complementation tests were performed to show that mutant phenotypes were 
corrected by expression of the corresponding minimal clone from pLAC22 or 
pBE522 (Table 5).  Strains with multiple mutations were constructed by P1 
transduction using deletion mutations characterized as described above.  
 
Effect of an adhE mutation on acetaldehyde production by EutE during 
glucose fermentation.  
The AdhE enzyme of E. coli converts acetyl-CoA to ethanol. Hence, this enzyme 
might compete with SeEutE for substrate (acetyl-CoA), or convert acetaldehyde to 
ethanol limiting acetaldehyde production. To test this, an adhE mutant was 
transformed with pBE522 with and without the eutE insert (Table 6). The AdhE 
mutant grew poorly and consumed little glucose. Prior work showed this is due to 
redox imbalance (36, 41). Expression of the eutE gene in the adhE background 
partially restored glucose consumption, and resulted in the production of about 0.5 
mM acetaldehyde. In contrast, no acetaldehyde was produced by the control strain 
lacking the eutE insert. Thus, elimination of AdhE allowed acetaldehyde production 
via EutE. We think the most likely explanation is that deletion of adhE reduced  
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Table 6. Cell growth and metabolite profile of various strains. Results were obtained from 24 h anaerobic growth in NCE glucose 
minimal medium. 
Strains 









Co-production of H2 
and CH3CHO (mM) 















succinate lactate formate acetate ethanol 
Wildtype 
BE400 + + + + + - - 4.26±0.19 1.07±0.04 22.24 22.50±2.62 <0.1 3.80±0.06 0.32±0.01 0.53±0.13 15.80±0.87 15.87±0.88 
ZH39 + + + + + + - 3.32±0.20 0.92±0.06 22.24 24.17±1.38 <0.1 3.92±0.21 0.24±0.01 0.16±0.02 15.94±1.02 16.38±0.59 
ZH40 + + + + + - + 5.33±0.85 1.01±0.02 22.24 24.77±0.40 <0.1 2.98±0.13 0.56±0.04 0.12±0.03 13.79±1.15 17.79±0.02 
Single mutants 
NA19 + + - + + - - -- 0.22±0.06 1.23 ND <0.1 0.07±0.01 0.48±0.10 0.26±0.05 0.78±0.34 ND 
ZH97 + + - + + + - -- 0.15±0.01 1.19 ND <0.1 0.08±0.03 0.60±0.01 ND 1.02±0.05 ND 
ZH98 + + - + + - + -- 0.29±0.02 5.32 ND 0.51±0.06 0.94±0.04 2.77±0.21 3.46±0.23 2.70±0.09 4.12±0.83 
ZH28 - + + + + - - 4.42±0.17 1.09±0.03 22.24 24.97±0.88 <0.1 3.94±0.08 ND 0.68±0.06 16.51±0.02 17.12±0.19 
ZH41 - + + + + + - 2.88±0.56 1.00±0.01 22.24 25.15±0.66 <0.1 4.27±0.04 ND 0.45±0.03 16.77±0.05 17.74±0.20 
ZH42 - + + + + - + 3.65±0.76 1.06±0.01 22.24 23.54±0.54 <0.1 3.82±0.04 ND 0.59±0.04 14.22±0.11 21.37±0.07 
ZH44 + + + + - - - 4.53±0.57 0.75±0.01 22.24 3.55±0.44 0.13±0.02 3.44±0.05 30.96±0.06 ND 0.85±0.03 2.65±0.17 
ZH93 + + + + - + - 5.51±0.71 0.70±0.01 22.24 3.93±0.19 0.15±0.05 4.52±0.01 29.84±0.27 ND 0.74±0.01 3.00±0.12 
ZH94 + + + + - - + 6.32±0.65 0.82±0.01 17.70 11.27±0.66 0.68±0.15 3.72±0.09 11.92±0.23 1.77±0.29 0.60±0.02 10.02±0.87 
ZH46 + + + - + - - 7.01±0.39 0.78±0.01 22.24 7.41±0.63 0.25±0.06 6.12±0.17 23.14±0.19 ND 3.85±0.05 3.98±0.45 
ZH95 + + + - + + - 6.59±0.07 0.73±0.01 22.24 7.43±0.39 0.28±0.02 6.59±0.06 22.77±0.16 ND 3.99±0.05 4.51±0.28 
ZH96 + + + - + - + 7.64±0.55 0.54±0.03 15.56 6.70±0.87 0.91±0.40 3.32±0.24 6.71±0.48 2.91±0.64 1.21±0.12 7.71±0.69 
ZH71 + - + + + - - 4.10±0.34 1.02±0.06 22.24 25.36±0.67 <0.1 ND 0.33±0.03 0.21±0.21 16.15±0.05 17.71±1.21 
ZH109 + - + + + + - 7.33±0.19 0.96±0.00 22.24 26.99±0.12 <0.1 0.64±0.05 0.27±0.00 ND 17.04±0.02 19.66±0.95 
ZH108 + - + + + - + 15.66±0.47 1.09±0.02 22.24 25.41±0.12 <0.1 ND 0.83±0.06 1.17±0.07 12.70±0.18 21.72±0.20 
*The concentration of H2 is calculated as the amount of hydrogen (mole) in the headspace divided by 6mL which was the volume 
of liquid culture used. This allows direct comparison of the H2 concentrations with the concentrations of fermentation products. 
 Table 6. (Continued) 
Strains 









Co-production of H2 
and CH3CHO (mM) 















succinate lactate formate acetate ethanol 
Multiple mutants 
ZH82 - - + + + - - 4.39±0.63 1.03±0.02 22.24 27.36±0.45 0.23±0.00 ND 0.19±0.04 0.39±0.24 17.10±0.06 21.59±0.18 
ZH85 - - + + + + - 3.06±0.40 0.98±0.01 22.24 26.65±1.37 0.21±0.03 0.47±0.06 ND 0.32±0.01 17.75±0.21 22.15±0.16 
ZH86 - - + + + - + 3.64±0.87 1.04±0.01 22.24 24.78±0.39 0.19±0.04 ND ND 0.28±0.04 12.66±0.12 25.78±0.04 
ZH30 + + - - - - - 7.84±0.56 0.68±0.00 22.24 ND 0.21±0.06 3.64±0.07 36.92±0.05 ND 0.64±0.02 ND 
58 
ZH111 + + - - - + - 3.17±0.29 0.62±0.02 22.24 ND 0.16±0.01 4.31±0.01 35.92±0.06 ND 0.59±0.02 ND 
ZH110 + + - - - - + 5.40±0.64 0.65±0.04 12.03 5.66±0.68 1.28±0.43 2.88±0.05 9.48±0.11 4.58±0.04 0.48±0.02 7.72±0.15 
NA20 - + - + + - - -- 0.18±0.07 ND ND 0.21±0.01 0.07±0.01 ND 0.28±0.06 0.74±0.08 ND 
ZH4 - + - + + + - -- 0.16±0.01 1.51 ND 0.21±0.00 0.16±0.01 ND 0.22±0.15 0.80±0.09 ND 
ZH3 - + - + + - + 7.95±0.97 0.23±0.00 5.58 ND 1.15±0.48 0.99±0.04 ND 5.61±0.08 3.18±0.04 2.97±0.03 
ZH22 - + - - - - - -- 0.15±0.01 1.55 ND <0.1 ND ND 0.19±0.10 0.23±0.10 ND 
ZH25 - + - - - + - -- 0.14±0.01 1.27 ND <0.1 0.13±0.06 ND 0.35±0.12 0.49±0.06 ND 
ZH26 - + - - -  + 9.64±0.65 0.24±0.01 8.22 ND 2.66±0.20 0.85±0.12 ND 6.80±0.19 ND 2.97±0.03 
ZH84 - - - - - - - -- 0.21±0.04 0.05 ND <0.1 ND ND 0.24±0.06 0.21±0.02 ND 
ZH87 - - - - - + - -- 0.17±0.00 1.23 ND <0.1 0.06±0.04 ND ND 0.28±0.02 ND 




competition for acetyl-CoA and forced the conversion of acetyl-CoA to acetaldehyde 
as a means of regenerating NAD+ from NADH.   
It was also observed that the adhE mutant did not produce ethanol which was 
expected. However, production of EutE in the adhE deletion background resulted in 
substantial ethanol production (about 4 mM). This cannot be easily attributed to the 
AdhE whose encoding gene was deleted. Nor can ethanol production be attributed 
to EutE since in vitro studies did not detect any alcohol dehydrogenase activity 
associated with this enzyme.  We think that the most likely source of the ethanol was 
an unknown alcohol dehydrogenase that uses the acetaldehyde produced by 
SeEutE as its substrate. 
 
Effect of an ackA or pta single mutation on acetaldehyde production by 
SeEutE during glucose fermentation.  
AckA and Pta convert acetyl-CoA to acetate in a 2-step catalysis during glucose 
fermentation by E. coli (Figure 2). Hence, these enzymes might also compete with 
EutE for acetyl-CoA. Therefore, we evaluated the effects of ackA and pta deletion 
mutants on acetaldehyde production. The ackA or pta single mutants fermented 
glucose reasonably well and produced much less acetate than wild-type as expected 
(26) (Table 6). They also produced much less ethanol but substantially more lactate. 
Hence, the ackA and pta single mutants grew primarily by the lactate fermentation. 
Expression of eutE in strains carrying ackA or pta single mutations allowed the co-
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production of acetaldehyde and H2 with acetaldehyde reaching levels of 0.91 ± 0.40 
or 0.68 ± 0.15 mM, respectively (Table 6). This suggests that the AckA-Pta pathway 
competes with EutE for acetyl-CoA inhibiting acetaldehyde production. Hence, 
deletion of this pathway increased acetaldehyde production.  
Results also showed that expression of eutE in strains that had an ackA or 
pta deletion, inhibited glucose consumption, reduced lactate formation, and 
increased ethanol production. As described above, the increased ethanol production 
in strains producing SeEutE most likely resulted from the conversion of 
acetaldehyde to ethanol by an unknown endogenous alcohol dehydrogenase.  
Although the reason is uncertain, the reduced rate of growth and glucose 
consumption may have been due to redox imbalance caused by excess ethanol 
production as was previously observed (35).  
 
Effect of ldhA and frdC deletions on acetaldehyde production.  
Lactate and succinate are also end products of glucose fermentation by E. coli. 
These compounds are derived from pyruvate and hence might indirectly reduce 
acetyl-CoA pools thus reduce acetaldehyde production. However, ldhA and frdC 





Acetaldehyde production via SeEutE in an ackA, pta, adhE triple mutant.   
The results described above showed that adhE, ackA or pta single mutations 
resulted in increased acetaldehyde production by strains producing SeEutE perhaps 
by reducing competition for acetyl-CoA. Next, we tested the effect of an ackA, pta, 
adhE triple mutant.  HPLC analyses showed that the major glucose fermentation 
products formed by this triple mutant were lactate (about 37 mM) and secondarily 
succinate (about 3.6 mM).  Production of SeEutE in this mutant increased 
acetaldehyde to 1.28 ± 0.43 mM which is higher than observed for any of the single 
mutants. Production of SeEutE also resulted in increased ethanol production (7.72 ± 
0.15 mM) and decreased lactate formation. Hence, overall EutE production in the 
ackA, pta, adhE triple mutant resulted in diverting carbon away from lactate to 
acetaldehyde and ethanol.  
 
Acetaldehyde production via SeEutE in an ackA, pta, adhE, ldhA, frdC 
quintuple mutant. 
To this point, the adhE, ackA, pta triple mutant produced the highest level of 
acetaldehyde (1.28 ± 0.43 mM) during glucose fermentation. The mutant also 
produced substantial amounts of lactate, succinate and ethanol which may have 
limited acetaldehyde production.  Therefore, we tested whether acetaldehyde 
production could be increased by moving frdC and ldhA deletions into strains that 
also carried ackA, pta and adhE mutations (ZH30). The resulting quintuple mutant 
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(ZH84, adhE, ackA, pta, ldhA, frdC) was blocked in all major glucose fermentation 
pathways. This mutant did not ferment glucose appreciably without SeEutE 
production (Table 6). However, with SeEutE production it grew with a doubling time 
of about 8.4 hours and produced about 5 mM acetaldehyde.  It is likely that SeEutE 
restored growth by allowing regeneration of NAD+ from NADH. Ethanol (6.44 ± 0.26 
mM) was again observed when SeEutE was produced even though this strain has 
an adhE deletion.  
 
Hydrogen production during acetaldehyde formation.  
The main goal of this work was to co-produce acetaldehyde and H2. Therefore, we 
also monitored H2 production during glucose fermentation by mutant strains (Table 
6). The strains that produced the highest levels of acetaldehyde were the adhE, 
ackA, pta triple mutant (1.28 ± 0.43 mM) and the adhE, ackA, pta, ldhA, frdC 
quintuple mutant (4.91 ± 0.29 mM). These strains also produced 5.66 ± 0.68 mM 
and 3.13 ± 0.65 mM H2, respectively. Thus, co-production of H2 and acetaldehyde 
was observed. However, in general, acetaldehyde-producing strains also produced 
significant amounts for formate. During glucose fermentation, H2 and CO2 are 
produced from formate by formate hydrogen lyase (14). Thus, under the conditions 





































Succinate Lactate Formate Acetate Ethanol 
Wildtype 
BE400 + + + + + + - - 22.24 <0.1 3.80±0.06 0.32±0.01 0.53±0.13 15.80±0.87 15.87±0.88 
ZH39 + + + + + + + - 22.24 <0.1 3.92±0.21 0.24±0.01 0.16±0.02 15.94±1.02 16.38±0.59 
ZH40 + + + + + + - + 22.24 <0.1 2.98±0.13 0.56±0.04 0.12±0.03 13.79±1.15 17.79±0.02 
Single mutants 
NA19 + + - + + + - - 0.65 <0.1 0.23±0.05 0.50±0.02 0.61±0.03 ND ND 
ZH97 + + - + + + + - ND <0.1 0.32±0.06 0.46±0.03 0.67±0.02 ND ND 
ZH98 + + - + + + - + 22.24 <0.1 3.88±0.12 8.53±0.30 0.85±0.03 9.99±0.10 23.82±0.34 
ZH44 + + + + - + - - 22.24 <0.1 2.70±0.07 41.87±0.12 ND 1.28±0.02 1.93±0.24 
ZH57 + + + + - + + - 22.24 <0.1 3.17±0.07 41.38±0.28 ND 1.21±0.05 2.17±0.27 
ZH94 + + + + - + - + 22.24 <0.1 4.26±0.05 23.82±0.13 0.44±0.03 1.02±0.01 17.57±0.11 
ZH46 + + + - + + - - 22.24 <0.1 4.14±0.05 34.88±0.01 ND 2.75±0.06 3.86±0.02 
ZH95 + + + - + + + - 22.24 <0.1 4.82±0.04 34.40±0.23 0.33±0.02 2.69±0.09 4.16±0.15 
ZH96 + + + - + + - + 22.24 <0.1 5.21±0.09 19.20±0.04 0.50±0.01 1.60±0.07 20.08±0.13 
Multiple mutants 
NA20 - + - + + + - - 0.44 <0.1 0.31±0.02 ND 0.62±0.02 1.02±0.03 ND 
ZH4 - + - + + + + - 1.09 <0.1 0.08±0.02 0.29±0.01 0.87±0.02 1.01±0.04 ND 
ZH3 - + - + + + - + 22.24 <0.1 4.10±0.03 0.64±0.03 1.32±0.02 9.96±0.10 27.55±0.08 
ZH30 + + - - - + - - 22.24 <0.1 2.57±0.13 43.42±0.22 0.71±0.09 0.87±0.10 ND 
ZH111 + + - - - + + - 22.24 <0.1 2.98±0.13 43.81±0.31 ND 1.05±0.06 ND 
ZH110 + + - - - + - + 12.03 <0.1 4.10±0.07 24.58±0.20 0.37±0.01 1.28±0.05 17.45±0.16 
ZH25 - + - - - + + - 0.09 0.34±0.04 0.21±0.05 0.27±0.01 0.27±0.01 0.35±0.01 ND 
ZH26 - + - - - + - + 22.24 0.69±0.08 7.53±0.06 0.41±0.05 0.45±0.01 1.01±0.04 33.15±0.12 
ZH87 - - - - - + + - 4.48 0.33±0.23 0.23±0.00 1.43±0.00 0.81±0.00 0.40±0.00 ND 
ZH88 - - - - - + - + 22.24 0.85±0.04 1.28±0.09 ND ND ND 37.60±0.12 
         ND: not detected. 
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Effect of adding 1 g/L yeast extract to growth media 
All the mutant strains that showed increased level of acetaldehyde production (ZH98, 
ZH94, ZH96, ZH110, ZH3, ZH26, ZH88) didn’t grow very well in NCE glucose 
minimal medium and none of them used all the glucose in the growth media during 
24 hours (Table 6). In order to improve the growth and facilitate glucose use, we 
added 1 g/L yeast extract to the growth media. As expected, all the acetaldehyde 
producing strains grew better (not shown) and used all the glucose in the medium 
(Table 7). However, complete glucose use didn’t lead to more acetaldehyde 
produced in these strains. To the contrary, most of these strains did not produce any 
detectable acetaldehyde anymore. The highest acetaldehyde production, as seen in 
ZH88, was less  than 1mM, which produced almost 5mM acetaldehyde without yeast 
extract addition. What’s also unexpected was that high level of ethanol production 
(up to 38mM) was observed in all the acetaldehyde producing strains (Table 7). The 
level of ethanol production seen with yeast extract addition correlated with the level 
of acetaldehyde they produced in NCE glucose minimal medium without yeast 
extract. This result was in agreement with our hypothesis that there are one or more 
alcohol dehydrogenases in E. coli other than AdhE that make ethanol from 











Figure 10. Allyl alcohol selection of ZH88 mutants with decreased ADH activity. 
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ZH134 8.56 ± 0.56 3.24 ± 0.54 9.95 / 45 0.33 43 
ZH135 6.69 ± 0.50 2.48 ± 0.03 7.80 / 35 0.27 43 
ZH136 6.98 ± 0.18 1.60 ± 0.10 6.74 / 30 0.26 52 
ZH88 4.91± 0.29 6.44 ± 0.26 11.05 / 50 0.46 
*The theoretical yield is calculated as acetaldehyde produced over glucose consumed 






Elimination of ethanol dehydrogenase activity by allyl alcohol selection.  
During the course of these studies we observed that strains expressing eutE 
produced ethanol (Table 6) even though the native alcohol dehydrogenase (AdhE) 
had been deleted. We also observed that with 1 g/L yeast extract added to the 
growth medium, all the acetaldehyde producing strains did not produce 
acetaldehyde anymore or only showed very little production, but produced a lot of 
ethanol instead (Table 7). Since we have demonstrated earlier that EutE does not 
have alcohol dehydrogenase activity that takes acetaldehyde to ethanol, we 
attributed this to unknown E. coli alcohol dehydrogenase acting on acetaldehyde 
produced by SeEutE. To eliminate this alcohol dehydrogenase activity, an allyl 
alcohol selection was performed with ZH88 (Adh enzymes convert allyl alcohol to 
acrolein which is toxic) (Figure 10) (86). Three allyl alcohol-resistant mutants were 
identified and glucose fermentation by the mutants was examined (Table 8). All 
three mutants (ZH134-ZH136) produced reduced levels of ethanol and higher levels 
of acetaldehyde. The highest level of acetaldehyde obtained was 8.56 ± 0.56 mM. 
Hence, the allyl alcohol-resistant mutants showed increased acetaldehyde and 
substantially reduced ethanol production. We also attempted to eliminate the 
remaining alcohol dehydrogenase activity. Further selection using up to 500 mM allyl 
alcohol failed to yield additional mutants. We also tried to find specific alcohol 
dehydrogenase genes that might be responsible for this ADH activity. We made a 
mutant of ZH88 with a deletion of the adhP alcohol dehydrogenase (94) (ZH105), 




                  
Figure 11. Co-production of acetaldehyde and hydrogen under selected growth 
conditions. a. effect of 1 g/L yeast extract (YE) and pH. The growth medium used 
was NCE glucose minimal medium at the indicated pH with and without yeast extract. 
b. comparison of ZH134 and ZH136. The growth medium used was NCE glucose 
minimal medium at pH 6.0 with 1 g/L yeast extract. ZH134 and ZH136 are both 
quintuple mutants (Table 1) that lack the native E. coli fermentation pathways and 
are producing the SeEutE acetyl-CoA reductase from an expression plasmid. Both 




with 1 g/L yeast extract. This is less than what’s observed for ZH88, although still a 
lot, indicating that there are more than one alcohol dehydrogenases that contributed 
to the conversion of acetaldehyde to ethanol. 
 
Modifying culture condition for co-production of acetaldehyde and hydrogen. 
Although the 3 allyl alcohol-resistant mutants described above (ZH134-136) 
produced higher acetaldehyde and lower ethanol, they grew slower and consumed 
less glucose than ZH88 and the conversion of formate to H2 and CO2 was 
incomplete under the conditions used (Table 8). To improve the co-production of 
acetaldehyde and hydrogen, the strain with the highest acetaldehyde production 
(ZH134) was cultured under various conditions. Addition 1 g/L yeast extract to the 
standard glucose minimal medium at pH 7.0, allowed ZH134 to utilize 50% more 
glucose while producing more hydrogen and acetaldehyde with no significant 
increase in ethanol production (Figure 11a). However, the hydrogen production was 
significantly below the expected 1:1 ratio with acetaldehyde. Lowering the pH of the 
growth media from 7.0 to 6.0, substantially increased hydrogen production (3.6-fold), 
with only small changes in acetaldehyde (+0.93 mM), ethanol (+1.83 mM) production, 
and glucose consumption (-1.28 mM). In summary, at pH 6.0 and with 1 g/L yeast 
extract added to the growth medium, ZH134 produced 17.60 ± 0.70 mM 
acetaldehyde and 17.19 ± 1.73 mM hydrogen, thus realizing the co-production of 
acetaldehyde and hydrogen with near 1:1 molar ratio at 64% theoretical yield relative 







Figure 12. Time course analysis of ZH136 grown in NCE glucose minimal medium 
supplemented with 1 g/L yeast extract at pH6.0 in sealed glass vials. 
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organic co-product detected was ethanol which was formed at 5.59 ± 0.22 mM. 
Acetaldehyde and ethanol combined were formed 85% theoretical yield.  
 
Co-production of acetaldehyde and H2 by ZH136. 
With optimized growth conditions, we tested a second isolate obtained from the allyl 
alcohol selection (ZH136) for co-production of acetaldehyde and hydrogen. ZH136 
was promising because it produced relatively high acetaldehyde and the lowest level 
of ethanol among the three mutants tested (Table 8). After 24 hours of fermentation 
under the optimal culture conditions, ZH136 produced 15.78 ± 2.21 mM 
acetaldehyde and 15.97 ± 0.78 mM hydrogen and 2.21 ± 0.23 mM ethanol while 
consuming 9.18 mM glucose (Figure 11b).  Overall, hydrogen was produced in a 
near 1:1 molar ratio with acetaldehyde which was formed at 86% theoretical yield 
relative to the amount of glucose consumed (9.18 mM). Ethanol which was formed 
at 2.21 ± 0.23 mM and acetaldehyde combined were formed 98% theoretical yield.  
 
Time course study of ZH136  
We grew ZH136 under the best culture conditions (anaerobically in NCE glucose 
minimal medium with 1 g/L yeast extract at pH6.0) and monitored its growth and 
metabolite profile for 24 hours. Acetaldehyde and hydrogen production started from 
the beginning of the growth without any lag phase (Figure 12). Most of the 
acetaldehyde production was finished in the first 8 hours although small increase 
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Table 9. Demonstration of in situ acetaldehyde removal by gas stripping.  





(mM / %)* 
ZH134 vial #1 0.95 ND 22.24 / 100 
ZH134 vial #2 0.65 4.07 22.24 / 100 
ZH136 vial #1 0.66 3.65 20.76 / 93 
ZH136 vial #2 0.89 1.82 22.24 / 100 
control 0.43 11.87 9.3 / 42 
* Amount of glucose used during 24 h growth period (mM / %). The total glucose supplied in 
growth medium was 22.24 mM. 




was observed after that. Cell growth also peaked at about 8 hours and the cell 
density was fairly stable with slight drop after that till the end of the growth period. 
The coincidence in the change of acetaldehyde production and cell growth 
suggested the possibility of acetaldehyde toxicity of cell growth, which might be the 
reason for the poor growth and incomplete glucose use. 
 
Specific acetaldehyde productivity of ZH136 
To obtain specific productivity, acetaldehyde formation was measured over time 
(from 0-8 h) using medium that contained 22.24 mM glucose, yeast extract and 1 g/L 
yeast extract at pH 6. Cell dry weight was determined as described in material and 
methods. For three trials with strain ZH136, the specific productivity of acetaldehyde 
formation was 0.68 ± 0.20 g h-1 g-1 dry cell weight. 
 
Demonstration of in situ acetaldehyde removal by gas stripping 
Acetaldehyde has a boiling point of 20.2 °C which means it is evaporable under 
fermentation conditions. Removal of acetaldehyde by evaporation or gas stripping 
during fermentation has been utilized in previous studies (64, 79, 111). We tested 
the feasibility of acetaldehyde removal in our system with ZH134 and ZH136. Result 
showed that gas stripping increased cell growth:OD600 increased from 0.43 for the 
control to 0.65~0.99 for the test vials (Table 9). Glucose utilization was complete or 
close to completion. Residual acetaldehyde in the aqueous phase was a lot less 
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than that produced given the amount of glucose consumed, indicating effective 




The goal of this study was to engineer E. coli to ferment glucose to 2 
acetaldehyde + 2 H2 + 2 CO2. This process is redox balanced, generates 2 net ATP 
per glucose and is energetically feasible: ΔGo’ = - 151 kJ/ mol. Our approach (Figure 
7) required an enzyme that reduces acetyl-CoA to acetaldehyde.  Based on 
sequence similarity, the SeEutE enzyme was previously proposed to catalyze the 
reverse of this reaction (102). Here, we purified His6-SeEutE and showed that it was 
a reversible enzyme which catalyzed acetaldehyde + NAD+ + HS-CoA ↔ acetyl-CoA 
+ NADH. The specific activity of purified His6-SeEutE in the direction of 
acetaldehyde formation was 49.23 ± 2.88 µmol min-1 mg-1 at pH 8.0. This gives a kcat 
value of 40 sec-1 (57 sec-1 at pH 7.0) which corresponds to the production of 184 g of 
acetaldehyde per gram of SeEutE per hour. We also tested partially purified SeEutE 
for butyl-CoA reductase and butyraldehyde dehydrogenase (BLDH) activities (Table 
3) and it showed a fair level of both activities, suggesting the possibility of using it for 
synthesis of important chemicals like butyraldehyde and butyral-CoA. 
After partially characterizing SeEutE, we used it to engineer E. coli for the co-
production of acetaldehyde and H2. Results indicated that either E. coli’s native 
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fermentation enzymes out competed SeEutE for the available acetyl-CoA, or the 
acetaldehyde generated by EutE was converted into ethanol by the native enzyme 
of E.coli AdhE. Hence, the strain that produced the largest amount of acetaldehyde 
was a quintuple mutant lacking all of the glucose fermentation enzymes normally 
used by wild type E. coli MG1655. This quintuple mutant produced 4.91 ± 0.91mM 
acetaldehyde after 24 hours while consuming 11.05 mM glucose.  
Somewhat surprisingly, results also showed that the quintuple mutant 
producing SeEutE (ZH88) formed substantial amounts of ethanol (6.44 ± 0.26 mM) 
even though the gene encoding the fermentative alcohol dehydrogenase (adhE) had 
been deleted. Experiments with adding 1 g/L yeast extract to the medium further 
supported the hypothesis that there are unknown alcohol dehydrogenases in E. coli 
that convert acetaldehyde to ethanol. An allyl alcohol selection allowed us to isolate 
3 derivatives of ZH88 (ZH134-136) with reduced alcohol dehydrogenase activity, and 
all three produced about 2-fold more acetaldehyde and 2-fold less ethanol (per 
glucose consumed) compared to the parent strain ZH88 (Table 8). Thus, E. coli 
encodes one or more alcohol dehydrogenases (excluding AdhE) that converted 
acetaldehyde to ethanol and reducing the activity of these enzyme(s) substantially 
improved acetaldehyde production. We attempted to eliminate remaining alcohol 
dehydrogenase activity by further allyl alcohol selection and by deletion of the adhP 
alcohol dehydrogenase gene (94) without success. For use of the strains in future 
studies, it is important to identify the mutations by genomic analysis tools and 
ultimately obtain a stable construct with defined genetic background. 
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Table 10. Comparison with recent studies on acetaldehyde production from glucose. 

















mobilis glucose pyruvate 
aerobic 
growth O2 40% 
Bongers 
et al, 2005 
(22) 
Lactococcus 
lactis glucose pyruvate 
2-step 
fermentation unknown 50% 
This study Escherichia coli glucose acetyl-CoA 
anaerobic 
growth ACR 86% 




To further improve the co-production of acetaldehyde and H2, several medium 
variations were tested. The best medium found was minimal glucose broth 
supplemented with 1 g/L yeast extract at pH 6.0. With this medium, ZH136 produced 
15.78 ± 2.21 mM acetaldehyde, 15.97 ± 0.78 mM H2 with good specific productivity 
(0.68 ± 0.20 g acetaldehyde h-1 g-1 dry cell weight) and theoretical yield (86%). To 
our knowledge, these are the best specific productivity and theoretical yield reported 
for the biological conversion of glucose to acetaldehyde (Table 10). Moreover, the 
specific productivity obtained is better than that reported for the best ethanologenic 
E. coli strain when it was growing in minimal medium with 9% (w/v) xylose and 1mM 
betaine, which was 0.47 – 0.52 g h-1 g-1 dry cell weight (117). We also note that cell 
growth in sealed vials was slow and glucose use was incomplete (about 41%) which 
is disadvantageous. However, this was likely due to product toxicity since removal of 
acetaldehyde with a N2 stream restored normal growth and allowed compete 
consumption of glucose (Table 9). Thus, yields and rates might improve with 
continuous acetaldehyde removal (we did not measure acetaldehyde production 
during gas stripping) which should be achievable given its high volatility (bp = 
20.2 °C). In situ removal of evaporable product by gas stripping have proved very 
efficient in improving titer and yield, and has been widely used in studies that 
achieved high titers (13, 54, 95). In addition, the continuous removal and collection 
of acetaldehyde would obviate the need for high volumetric productivity and 
eliminate the high energy cost of distillation (21, 78, 79, 110, 111). 
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The conversion of glucose to 2 acetaldehyde + 2 H2 + 2 CO2 by E. coli as 
described here has some intrinsic advantages compared to previously reported 
methods for renewable acetaldehyde production. Optimal bioconversion of ethanol 
to acetaldehyde (which occurred at a rate of about 0.6 g·h-1·g-1 dry cell weight) was 
performed under 100% O2 at 100 kPa pressure to assure an adequate supply of O2 
for AOX (79). In addition, the overall bioconversion process currently requires two 
different organisms, one for ethanol production and a second for bioconversion of 
ethanol to acetaldehyde (78, 79). In studies of glucose conversion to acetaldehyde 
by bacteria (Z. mobilis and L. lactis) PDC was used to convert pyruvate to 
acetaldehyde and CO2 which results in 1 excess NADH is produced per 
acetaldehyde (21, 111).  In Z. mobilis and L. lactis, O2 was used to maintain redox 
balance during acetaldehyde production via PDC (111), but O2 addition is expensive 
on an industrial scale and it can activate the TCA cycle resulting in reduced product 
yield due to loss of carbon as CO2. In L. lactis, it was also possible to produce 
acetaldehyde via PDC under both anaerobic conditions, but the manner in which 
redox balance was maintained was not determined. This is potentially problematic 
since the formation of reduced organic co-products would substantially reduce 
carbon yield.  In the approach described here (Figure 7), pyruvate is converted to 
acetyl-CoA and formate. The reduction of acetyl-CoA to acetaldehyde allows 
regeneration of NAD+ to achieve redox balance and formate is converted to H2 + 
CO2. Oxygen addition is unnecessary to achieve redox balance and a valuable co-
product (H2) is produced. To our knowledge there are no prior reports in which H2 
was co-produced with acetaldehyde. 
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In this report we used an ALDH/ACR enzyme to convert an acyl-CoA 
compound to an aldehyde as a terminal product. To our knowledge, this is the first 
time an aldehyde has been produced in the manner. This approach may have 
applicability to the production of longer chain aldehydes from their corresponding 
CoA derivatives that might be produced by fermentation or derived from fatty acid 
biosynthesis. This would require specific longer-chain acyl-CoA reductases that do 
not use acetyl-CoA as a substrate.  
The co-production of acetaldehyde and H2 raises the possibility of a “no-distill” 
ethanol fermentation that has the potential to reduce the energy costs and water 
usage at ethanol plants. Acetaldehyde has a boiling point of 20.2 °C and hence is 
readily evaporable under fermentation conditions (37°C) (44). Simultaneous 
acetaldehyde removal and recovery has been reported (64, 111). In our case, 
acetaldehyde and H2 were co-produced. Both are volatile at fermentation 
temperatures and could be removed from the fermentation by gas stripping and 
converted to ethanol by chemical catalysis which would bypass distillation. Currently, 
most fuel ethanol is purified by distillation which requires large amounts of water and 
energy.  Water used for cooling distillation towers may account for over 80% of total 
water consumption, and the energy needed for heating distillation columns 
consumes about 75% of total process heat (62).  A 2006 report, estimated water use 
for a U.S. ethanol plant was typically 3.45 ± 0.59 for a dry mill plant and 3.92 ± 1.76 
for a wet mill plant (113). High water consumption limits the location of ethanol 
plants to areas with sufficient water supply. Thus, the possible advantage of the 
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proposed “no-distill” ethanol fermentation is that distillation would be bypassed 
saving energy and reducing water consumption. Besides co-production of 
acetaldehyde and hydrogen from glucose, “no-distill” ethanol fermentation process 
requires condensation of acetaldehyde and hydrogen at high pressure before 
chemical conversion of these molecules into ethanol. For this process to be 
economically viable, high productivity and yield in fermentation is required to reduce 
the cost in the following steps. The strains constructed in this study showed strong 




This work demonstrated efficient production of acetaldehyde and hydrogen 
from glucose fermentation by recombinant Escherichia coli strains, which sets the 
stage for large scale production of these important chemicals from renewable 
resources. Prior studies on microbial production of acetaldehyde failed to give high 
yield and productivity due to the intrinsic characteristics of the overall reaction 
designed. In this work, we designed a pathway to produce acetaldehyde and 
hydrogen simultaneously which does not require external electron acceptor or 
production of reduced organic co-product, and thus realized high yields from glucose 
to acetaldehyde. We found and characterized an acetyl-CoA 
reductase/acetaldehyde dehydrogenase from Salmonella enterica and used it to 
81 
 
serve the purpose of acetaldehyde production in E. coli. Production of hydrogen was 
done by the native E. coli enzyme formate hydrogen lyase. The co-production was 
achieved and improved by constructing E. coli mutant deficient of major native 
fermentation pathways and also by modification of growth medium. The high yield 
and productivity achieved raised the possibility of an ethanol production process that 














CHAPTER 3. FUTURE WORK 
 
Currently the biosynthesis of butanol (7, 55, 82, 95) and butyric acid (118) 
utilizes the CoA-dependent pathway (Figure 4). Condensation of two acetyl-CoA 
molecules followed by reduction and dehydration steps similar to the fatty acid 
elongation process gives butyryl-CoA, which is then converted to end products by 
terminating enzymes like aldehyde/alcohol dehydrogenase and thioesterase. With 
this strategy, it is possible to further elongate the chain length by iterative rounds of 
acetyl-CoA condensation and produce alcohols and carboxylic acids of even chain 
length with more than 4 carbons. However, to make odd chain length molecules, odd 
chain length precursors must be incorporated. In previous studies when odd chain 
length molecules were made, it usually requires supplementation of a second carbon 
source in addition to glucose as the precursor of the final product (30, 97). These 
second carbon sources are usually of high price and are toxic to bacteria, which 
limited the industrial application of these processes. Recently, pathways have been 
designed in which production of odd chain length molecules can be realized with 
single carbon source (107). Propionyl-CoA, which was derived from threonine 
biosynthesis, substituted one molecule of acetyl-CoA in the condensation step and a 
five-carbon CoA intermediate was made. 
To explore other feasible ways of producing propionyl-CoA independent of 
amino acid biosynthesis, we found interesting enzymes in the pdu operon of 





Figure 13. Biosynthesis of various important chemicals (chiral building block, odd-
chain alcohol and carboxylic acid, bi-functional molecule) odd via production of 3-
carbon CoA derivatives. Co-factors are not included. Single enzyme reactions are 
designated with solid arrows. Multi-enzyme reactions are designated with dashed 
arrows. Target intermediates and end products are shown in bold. 
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 When S. typhimurium grows on 1,2-propanediol, the diol dehydratase (DDH) 
encoded by pduCDE (20) catalyzes the conversion of 1,2-propanediol into 
propionaldehyde with coenzyme B12 as the cofactor. Also, propionaldehyde 
dehydrogenase encoded by pduP (68) converts propionaldehyde into propionyl-CoA 
in a NAD+-dependent way. Using PduCDE together with PduP, propionyl-CoA can 
be made from 1,2-propanediol. When propionyl-CoA is condensed with acetyl-CoA, 
followed by a few more steps of transformation, valeryl-CoA can be made and then 
converted to pentanol and valeric acid (Figure 13). Since 1,2-propanediol can now 
be produced from glycerol (37), the widely available by-product of biodiesel 
production, it is reasonable to propose the production of pentanol and valeric acid 
from glycerol.  
Besides odd chain-length alcohols and carboxylic acids, diol dehydratase and 
propionaldehyde dehydrogenase together could be used to synthesize intermediates 
for other interesting compounds, like bi-functional molecules useful for polymer 
produciton. The B12-independent diol dehydratase DhaB1, from Clostridium 
butyricum 1,3-propanediol operon, showed high glycerol dehydratase (GD) activity 
(83, 88) that converts glycerol into 3-hydroxypropionaldehyde. Moreover, PduP has 
been utilized for the conversion of 3-hydroxypropionaldehyde into 3-
hydroxypropionyl-CoA in 3-hydroxypropionate biosynthesis (6). When 3-
hydroxypropionyl-CoA is condensed with acetyl-CoA, the resulting five-carbon CoA 
intermediate has an hydroxyl group on C-5 and can be eventually converted to 5-
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hydroxyvalerate (Figure 13). This compound has a hydroxyl group on one end and a 
carboxyl group on the other end, so it can be polymerized to form polyesters. 
To design the biosynthetic pathway for production of 3-carbon CoA 
derivatives mentioned above, we made a few synthetic operons including the diol 
dehydratase – PduCDE or DhaB1, their activating enzymes -- PduGH or DhaB2, 
and proprionaldehyde dehydrogenase PduP (Figure 14). Enzyme assays will be 
used to test the in vitro activities of the individual enzymes, and also the combined 
activity of the whole operon. If suitable enzyme activities can be achieved in vitro, 
the operons will be expressed in biocatalysts harboring appropriate pathways to 












LB: Luria-Bertani; IPTG: isopropyl β-D-1-thiogalactopyranoside; MBTH: 3-methyl-2-
benzothiazolinone hydrazone; HPLC: high performance liquid chromatography; GC: 
gas chromatography; SDS-PAGE: sodium dodecyl sulfate polyacrylamide 
gel electrophoresis; NAD+/NADH: nicotinamide adenine dinucleotide. OD600: optical 
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